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CHAPTER I. INTRODUCTION 
Review of Previous Work 
The tungsten bronzes form a large class of interesting 
nonstoichiometric compounds having the formula where 
M is usually a metal and 0 g x g 1. More than twenty metals 
have been found to produce tungsten bronzes. Sodium tung­
sten bronze is the only bronze that has been grown over the 
entire range of x-values from zero to one. WO3 and ReD^  
have electronic properties corresponding to bronze systems 
with x=0 and x=l, respectively. 
The tungsten bronzes may exist with a cubic, tetragonal 
1, tetragonal II, orthorhombic, monoclinic, triclinic or 
hexagonal crystal structure. As x is increased for a given 
M the structure changes from low symmetry to high symmetry. 
This is illustrated in Fig. 1, which shows the structural 
variations that occur in some particular bronze systems as x 
is varied. 
All tungsten bronze structures are based on comer bond­
ing of WO5 octahedra. An example is Rb^ WO^ . The structure 
has been determined by Magneli (1) and is illustrated in Fig, 
2. The lattice is hexagonal, with its basis a ring formed 
from six WO5 octahedra. These rings are arranged in a hexag­
onal pattern, with the formation of long channels along the 
Li 
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Fig. 1. Dependence of crystal structure on x-value for 
severs] tungsten bronzes. The crystal symmetry 
increases with increasing x-value. Tetragonal I 
and hexagonal bronzes are superconductors; 
tetragonal II and orthorhombic bronzes are semi­
conductors. (Chart was prepared by H. R, Shanks.) 
• w 
O 0 
Rb 
Fig. 2. The atomic arrangement of one layer of the crystal structure of the 
hexagonal tungsten bronze Rb^ WOq. Positions of the tungsten atoms 
are represented by the small filled circles. The oxygen atoms 
correspond to the medium sized circles said the alkali atoms correspond 
to the large circles, (after Magneli) 
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c-axis. These channels serve as acceptors for the rubidium 
atoms. Theoretically, x reaches a maximum value of 0.33 
when these channels are full of rubidium atoms. The lowest 
value of X obtained experimentally up to now is 0.2. 
The low-x, lower symmetry structures, such as the 
tetragonal II and orthorhombic, are always semiconductors. 
As shown by Shanks, et al. (2) extrapolation of the conduc­
tivity to zero conductivity indicates that the tungsten 
bronzes should be semiconductors for x<0.25, and, indeed, 
resistivities oi tungsten bronzes with x<0.25 did show semi­
conducting behavior. 
The cubic, tetragonal I, and hexagonal bronzes are 
always metals. All resistivities are characteristic of a 
metal and, to a great extent, lie on a single resistivity 
curve at room temperature (2). Hall effect measurements on 
Na^ WO^  suggest that each atom ionizes completely to contrib­
ute one free electron to the crystal (3)* Magnetic suscepti­
bility measurements (4) further confirm that each alkali atom 
in the bronze contributes one free electron to the crystal. 
The result of this property is a compound whose electron 
concentration may be varied without a subsequent change in 
crystal structure. 
Several electronic models have been suggested to account 
for the electrical properties of the bronzes. The most widely 
accepted model is that proposed by Goodenough (5), in which 
the conduction band is formed by the 7r-bonding of the 
5 
tungsten 5d (t^ g) orbitals with the oxygen 2p orbitals. 
Mattheiss has calculated the band structure and Fermi sur­
face of ReO^ . Observations of de Haas van Alphen oscilla­
tions in ReO^  (6) and KMoO^ , (7) and observations of nuclear 
magnetic resonances of ^ "^^ Re in ReO^  and in Na^ WOj (Ô) 
support these calculations. 
Not only do the bronzes exhibit both metallic and semi­
conducting behavior, some forms are also superconducting. 
Superconductivity in tetragonal I sodium tungsten bronze was 
first discovered by Raub et al., (9). Sweedler et al., (10) 
found superconductivity in all the other alkali tungsten 
bronzes except Li^ V/0^  , which has only recently been obtained 
in the nexagonal crystal structure by Gier et al., (11). 
Sweedler et al., (10) have also shown that only the tetrag­
onal I and hexagonal bronzes are superconductors, AS a 
general rule the transition temperature is higher for the 
hexagonal crystal structure (2 K) than for the tetragonal I 
crystal structure (0.5 K). Superconductivity has been 
observed in calcium, strontium, barium, indium, and thallium 
bronzes by Bierstedt et al., (12). Superconducting 
(NH, ) WO^  has been prepared by Gier et al., (11). The 
^ U m J J J 
most complete account of superconductivity in the tungsten 
bronzes has been given by Sweedler (13). 
Previous measurements have left unsolved two important 
problems. First, there was some indication that the super­
conducting transition temperature might depend on x-value, 
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but inadequate knowledge of x-values prevented conclusive 
proof of this dependence. Also, the apparent x-dependence of 
the transition temperature might have been caused by a sur­
face effect. For example, leeching of the alkali atoms from 
the surface of the material seemed to affect the transition 
temperature. 
Second, since earlier measurements were performed on 
either very small crystalline or powdered samples, it was 
not clear that superconductivity was a bulk property of the 
tungsten bronzes. Specific heat measurements should deter­
mine whether or not superconductivity in Rb^ WO^  was a bulk 
property. In their original work Bardeen et al., (14) showed 
that a superconducting material should exhibit a jump in the 
electronic specific heat, AC, at the superconducting transi­
tion temperature given by whereT is the coefficient 
y Tc 
of electronic heat capacity and is the superconducting 
transition temperature. Thus, if the results observed by 
Sweedler et al., (10) were caused by surface effects, the 
jump in electronic specific heat would be very small or non­
existent in a large sample. 
If superconductivity was a bulk property one could study 
the variation of the superconducting transition temperature 
with x-value. The transition temperature for each x-value 
could be determined from the temperature at which a jump 
occurred in the specific heat. 
From previous specific heat measurements of the tungsten 
7 
bronzes by Vest et al., (15) one might expect a classical 
Debye-like behavior for the normal state of a superconducting 
tungsten bronze. Experimentally, the normal state of a 
superconductor can be achieved by applying a sufficiently 
large magnetic field. If the heat capacity were Debye-like, 
a very straightforward analysis of the data would provide the 
x-dependence of both the Debye temperature and the electronic 
density of states at the Fermi energy. These results would be 
useful in providing a more comprehensive picture of the super­
conducting bronze. 
Such measurements might also be used to study the 
attractive electron-phonon interaction in a superconducting 
bronze as a function of x-value (or electron concentration). 
Bardeen et al., (14) have related the superconducting transi­
tion temperature to the Debye temperature, the electronic 
density of states at the Fermi energy, and the electron-phonon 
interaction. Each of these quantities, except the electron-
phonon interaction, may be determined from a specific heat 
measurement. Thus for each x-value, or electron concentra­
tion, it would be possible to measure the electron-phonon 
interaction. Information of this nature, particularly in a 
system whose electron concentration may be varied without 
altering the structure, could give added insight into one of 
the fundamental mechanisms responsible for superconductivity, 
the electron-phonon interaction. 
The purpose of this research was to measure the 
è 
low-temperature heat capacity of RbxWO^ , a superconducting, 
hexagonal tungsten bronze. Rb^ WO^  was selected for these 
studies for the following reasons: (1) samples with masses 
as much as 12g could be grown electrolytically over the range 
0,26^ x^ 0.33; (2) neutron activation analysis could be used 
to accurately determine the x-values; and (3) the transition 
temperatures were high enough (2 K) to make possible measure­
ments with liquid helium four as the cryogen. 
Knowledge of the low-temperature heat capacity of a 
material enables one to calculate Oq, the Debye temperature, 
and D(Ep), the electronic density of states at the Fermi 
energy. The basis for this statement will be examined in a 
brief review of the well-known theory of low-temperature 
heat capacities. At low temperatures the heat capacity of a 
simple metal can be written as 
The term linear in temperature results from the free-electron 
theory of a metal. Sommerfeld (16) first accounted for this 
terra by applying quantum statistics to an electron gas. The 
change in total energy, Eg, of a system of N electrons on 
heating from 0 to T is 
Theoretical Background 
G=yT+j8T^  (1) 
Ep 
(Ep-E)(l-f(E))D(E)dE, (E-EF)f(E)D{E)dE+ 
where f (E)=l/(l+exp(E-Ej')/k;gT) is the Fermi-Dirac distri­
bution function, D(E) is the density of states per unit 
energy, E is the energy, Ep is the Fermi energy, and kg is 
Boltzman's constant. Therefore the heat capacity is 
Ce=||e= / |£(E-EF)D(E)dE. 
Jo 
00 
0
This can be shown, for the case when kgT<KEp, to reduce 
to Ce=i7r2kgD(Ep)T. (2) 
Multiplication of this term by molar volume yields the 
electronic heat capacity per mole, 
C kB^ (E5.)T=yT (3a) 
® 3n 
In this equation n is the electron density, x is the 
number of conduction electrons per formula weight, and R is 
the gas constant. Then, according to free election theory, 
the density of states at the Fermi energy is given by 
D(Ep)=ln 
2Ep 
and 
EF=&^ (3%'2n)2/3. 
2m 
Substitution into Equation 3a gives 
The terra cubic in temperature results from the vibra­
tional energy of the lattice. To understand the origin of 
this term the solid is visualized as consisting of a set of 
10 
N (number of atoms) coupled harmonic oscillators having 3N 
normal modes. This would imply that the excitations are of 
the Bose-Einstein type and therefore there will be on the 
average 
Nq= 1 
exp/^ \ -1 
quanta in the qth mode with frequency w, and these will con­
tribute an energy 
Er=Z , (4) 
e^xp/^ HaV^  
where the summation is over all the modes. 
Thus, 
which may be rewritten in the integral form 
. w ,  
Jc 
where D(w) is the density of states per unit frequency range, 
n is the number of atoms per formula in the crystal, and 
hcjQ = kg 8 g, where ©D is the Debye temperature. The major 
problem in evaluating this expression is to determine the 
mode distribution, D(w). Debye (17) approached this problem 
in the following way. Since at low temperatures only the 
11 
long-wavelength modes are excited, the solid may be treated 
as an elastic continuum. In addition the solid is assumed 
dispersionless so that w=vq where v is the speed of the wave. 
Finally, it is assumed that the Brillouin zone can be 
replaced by a sphere in reciprocal space. Inasmuch as there 
are only N atoms in the solid, this implies that there must 
be some maximum wave number for the lattice waves. Also, 
because each mode has associated with it a wave vector, q, 
and because these are distributed evenly in q space 
At low temperatures ©q/T, where keg=hwQ, is large and may be 
taken to be infinity for all practical purposes. Then 
This derivation is valid if the lattice vibrates as if 
it were an elastic continuum. However, this is not always 
the case in real solids. Einstein modes, for example, tend 
to be concentrated at a single frequency and are often thought 
of as vibrations of the atoms within each cell, without 
coupling between cells. If the vibration frequency of the 
D(w)=4z6)&Lq - 3u^dcj , 
V37rq.^  
thus 
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oscillators is fixed at cog, then Equation 4 becomes 
where N is the number of atoms or oscillators. The three is 
needed because there are three degrees of freedom for each 
mode. Therefore, the heat capacity is given by 
This model, where each mode has the same frequency, is known 
as the Einstein model (1Ô). If t w g =kgTg and Tj>>T, this 
expression simplifies to 
When discussing superconductors it is necessary to dis­
tinguish between two distinctly different types. Type I and 
Type II. These two types of superconductivity are defined 
in terms of the Ginzburg-Landau parameter, as follows 
(6b) 
k <h Type I 
J2 
K >h Type II 
The Ginzburg-Landau parameter is the ratio of the 
penetration depth of the magnetic field to the coherence 
13 
length. The coherence length is the characteristic scale 
for variations in the order parameter. The order parameter 
is defined so as to be zero for a normal region and unity 
for a fully superconducting region at zero temperature. This 
definition is equivalent to a definition in terms of surface 
energy. Type I superconductors have a positive surface 
energy, while Type II superconductors have negative surface 
energy. 
The essential features of Type I superconductors as they 
relate to this study are: (1) the existence of a pure 
Meissner effect and its effect on the thermodynamic proper­
ties of a Type I superconductor, (2) the relationships 
between the superconducting transition temperature and the 
normal state parameters, the Debye temperature, the density 
of states, and the electron-phonon interaction. 
Expulsion of the magnetic flux from a sample as it 
passes from the normal state to the superconducting state is 
known as the Meissner effect. A magnetization curve for a 
superconductor placed in a magnetic field is illustrated in 
Fig. 3a. The specimen remains superconducting until a criti­
cal field Hq is reached, at which point the specimen reverts 
to the normal state. The temperature dependence of this 
critical field is shown in Fig. 3b. 
It has been shown experimentally and theoretically (19, 
20) that the equation for this curve, accurate to a few per­
cent for most superconductors is 
I-
(_) 
X 
Te 
I 
H 
Fig. 3, The magnetic properties of a Type I superconductor: 
(a) the magnetization, M, of a Type I superconductor 
as a function of magnetic field. H, (b) the dependence 
of the critical magnetic field, on temperature. 
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Hc(T)  =  Hc(0)  (7) 
L \Tc(0)/. 
where Tc(H) is the superconducting transition temperature in 
a magnetic field, and HqCT) is the critical magnetic field 
at temperature T. For the thermodynamic characteristics of 
a Type I superconductor to be determined, knowledge of the 
temperature dependence of the critical field is necessary. 
The difference in the Gibbs' free energy of a super­
conductor in a magnetic field H and in zero magnetic field 
is given by 
where M is the magnetization, V is the volume, and Gg is the 
Gibbs' free energy of the superconducting state. This can be 
shown to be independent of sample shape; and with 
reduces to 
Inasmuch as the Meissner effect is reversible, and assuming 
Gn(H,T) = Gn(0,T), where G^  is the Gibbs* free energy of the 
normal state, it is true that at H =Hç, = G^ , or 
It therefore follows that the entropy change S^ - Sg, is given 
by Sn-Sg = -
a T a T 477 ' à T/ 
which implies the existence of a latent heat, given by 
Gs(H,T) = Gg(0,T) + . 
Gn(Hc,T) = Gs(0,T) + VHc Vôtt • 
m 
16 
It is important to observe that the transition is second 
order in zero field and first order otherwise. The differ­
ence in heat capacity is given by T/^  - _Ss\ or, 
\ T T' 
(9) 
•/ 
Bardeen, Cooper, Schrieffer (BCS), (14), have shown 
that an attractive interaction between electrons can lead 
to an electronic ground state which is separated from the 
excited states by an energy gap. By assuming a constant 
interaction, - Vp for electron energies less than fioj , and 
zero for energies greater than "hw , BCS showed that 
hw 
tanh / E \ dE . 
D(Ep)Vp ^ ZkgTg / E 
If tw does not exceed ti w g, and D(Ep)Vp « 1, the integral may 
be evaluated. The result is 
Tq = 1.14 ©Dexp(- _1— ). (10) 
D(Ep)Vp^  
BCS also showed that the superconducting energy gap, Eg, 
at T = 0 is given by 
Eg(0)=3.50 kgTg . (11) 
In contrast to the pure superconducting state exhibited 
by Type I superconductors, Type II superconductors exhibit 
two distinctly different types of superconducting behavior. 
This is best illustrated by the magnetization curve for a 
typical Type II superconductor, shown in Fig. 4a. 
T T, 
Fig. 4. The magnetic properties of a Type II superconductor: 
(a) the magnetization of a Type II superconductor 
as a function of magnetic field, (b) the dependence 
of the critical magnetic fields Hgi, He? Hc2 on 
temperature. 
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Type II supercoiiductors exhibit pure superconductivity 
and a Meissner effect only up to a critical field 
Further increments in the magnetic field result in the for­
mation of a mixed state that consists of a mixture of normal 
and superconducting regions. A material in the mixed state 
still exhibits superconducting electrical properties that 
exist until the field reaches a higher value, Hcg. At this 
time superconductivity ceases and the normal state is 
achieved. Fig. 4b displays the relation between the fields 
Hci, HC2> and Hq, and the temperature. The field Hq for 
Type II superconductors is defined by 
It is apparent in Fig. 4b that if the temperature of 
a material in the normal state is lowered at fixed, non­
zero field, the material will pass through two phase transi­
tions, NORMAL —- MIXED and MIXED —• SUPER. These two 
transitions have a marked effect on the thermodynamic 
properties of a Type II superconductor. Both transitions 
are second-order transitions and therefore have no latent 
heat associated with them. Further, Goodman (21) has pointed 
out that the transition at Hci(T) =H is a second-order 
transition of the lambda type, which means that the heat 
capacity is singular at that point. Thus the heat capacity 
of a Type II superconductor in a magnetic field H, such that 
HC1<H<HC2> should resemble the graph in Fig. 5# 
The jump in heat capacity at Ty was shown by Goodman 
(12) 
19 
0 T T 
T(°K)  
Fig. 5. A plot of the heat capacity of a Type XI 
superconductor vs temperature at constant 
magnetic field H; at T , H=H -i (T ), at Tu, 
20 
(22) to be 
Furthermore, Abrikosov (23) has shovm that near 
where B is a constant determined by the geometrical arrange­
ment of the normal and superconducting parts of the specimen, 
and K is the Ginzberg-Landau parameter for the mixed state; 
*2 T = Tc# 
Therefore the jump in heat capacity is given by 
21 
CHAPTER II. DESCRIPTION OF THE EXPERIMENTAL PROBLEM 
Introduction to the Experimental Problem 
In general, heat capacity measurements can be divided 
into a sequence of steps: (1) selection of a temperature 
range for the measurement, (2) selection of measurement tech­
nique, and (3) implementation of the selected technique. The 
lower limit of approximately 1 K was determined by the cryo­
genic fluid, liquid helium four. Readily available pumping 
systems lowered the vapor pressure of this fluid to a temper­
ature of 0.9 K. On the basis of the results of Vest et al., 
(15) on similar materials, it was felt that this temperature 
would be low enough to determine accurately the Debye tempera­
ture and the density of states at the Fermi surface. Inasmuch 
as the primary reason for the measurement was the determination 
of the Debye temperature and the density of states at the 
Fermi energy, a high temperature limit was selected that would 
be compatible with Debye's theory. Comparison of the heat 
capacity predicted by Debye's integral expression with that 
predicted by the algebraic T^  expression implies reasonable 
T^  behavior for T<6g/$0. The Debye temperatures obtained by 
Vest et al., (15) would indicate an upper limit for T^  behav­
ior of approximately 10 K; thus it was felt that measurements 
to 14 K would be more than adequate. 
Once the temperature range is specified one may choose 
22 
either a direct or indirect method of measuring heat capacity. 
In a direct measurement (24,25) the heat capacity is deter­
mined by the defining equation C = Q/AT, where the tempera­
ture rise, AT, and the heat necessary to cause this rise, Q, 
or their rates of change with time are measured directly. 
Indirect measurements (26,27) involve techniques based on 
equations derived for a special set of circumstances. Calcu­
lation of the heat capacity from thermal relaxation times is 
an example of an indirect technique. A direct method of 
measurement was selected because fewer restrictions were 
placed on sample characteristics such as sample geometry. 
There are two primary direct methods for measuring heat 
capacity: the pulse method and the continuous warming method. 
In the pulse method a known quantity of heat is added to the 
specimen and the resulting increase in temperature is measured. 
The continuous warming method is performed by adding heat to 
the specimen at a constant rate and then measuring the subse­
quent rate of increase of the temperature. Accuracy and sim­
plicity were the primary factors in the selection of the pulse 
method. Also, the inherent heating rates of the sample at 
low temperature were such that the additional continuous heat 
load imposed in the continuous warming method would have made 
low-temperature measurements impossible. 
The pulse technique is performed in the following 
manner. A mechanical heat switch cools the addenda (heater, 
thermometer, and sample holder) and specimen to the desired 
23 
temperature. This switch provides thermal contact with a 
low-temperature sink such as a liquid helium pot system. 
Once cooled, the mechanical heat switch is opened, and the 
sample and addenda are thermally isolated. The heat capacity 
is then determined by monitoring the temperature rise when a 
known amount of heat is added. 
There was one additional requirement for this particular 
measurement. Ordinary measurement of the heat capacity of 
Rbjj-WO^  would result in a jump in the heat capacity at the 
superconducting transition temperature. This jump, which 
would prevent the determination of the Debye temperature and 
the density of states, can be suppressed with a magnetic 
field. Therefore, in order to determine the Debye tempera­
ture, the density of states, and the superconducting transi­
tion temperature, it was necessary to perform the measure­
ments both with and without a magnetic field. 
Experimental Apparatus 
Dewar and Cryostat 
General features Implementation of this technique 
requires: (1) an apparatus to maintain a low-temperature 
environment, (2) the electrical apparatus to perform the 
actual measurement, and (3) the experimental procedures 
necessary to employ the experimental apparatus. 
The cryogenic apparatus consisted of three parts. A 
nitrogen dewar provided a 77 K environment, which reduced 
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both convective and radiative losses to a helium insert. 
Liquid helium for the liquid helium pot system was drawn from 
a liquid helium reservoir attached to the helium insert. The 
low-temperature section contained the sample chamber, and a 
pot system. Temperatures as low as 0.9 K were achieved by 
reducing the vapor pressure above the liquid helium contained 
in the pot system. 
A thermometer circuit and a heater circuit comprised the 
electrical apparatus that measured the heat capacity. The 
heater circuit consisted of a resistance heater and apparatus 
to supply a known amount of power to the heater. The ther­
mometer circuit supplied current to the thermometer and 
measured the resistance of the thermometer. Each value of 
the thermometer resistance corresponded to a unique tempera­
ture. 
The special techniques and procedures necessary to 
operate this apparatus are discussed in the section on Helium 
Insert. 
Nitrogen dewar The nitrogen dewar was the first of 
several cryogenic subsystems employed to establish a 1 K 
temperature. Viewed from the outside, the dewar comprised 
the bulk of the cryogenic system. A longitudinal cross 
section of the dewar is shown in Fig. 6. The narrow tail of 
the dewar was positioned between the pole pieces of an 
electromagnet. This subsystem provided support for the 
helium insert that fit into the dewar, and minimized heat 
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transfer to the interior of the dewar. Heat transfer by 
radiation was minimized by maintaining all the interior walls 
at or near 77 K. The liquid nitrogen space and radiation 
shield were surrounded by a vacuum space to eliminate convec­
tive and conductive heat transfer to the interior of the 
dewar. An 0-ring in the top flange provided a vacuum seal 
between the nitrogen dewar and the helium insert. Conductive 
and convective heat transfer between the 77 K walls and the 
cooler helium insert were further reduced by this vacuum 
space. The vacuum in these spaces was maintained by an oil 
diffusion pump backed with a mechanical fore pump. 
The dewar was constructed of non-magnetic stainless 
steel except for the radiation shield. This shield was made 
from copper to minimize the temperature gradient along the 
tail. All joints were heliarc welded except the copper 
shield, which was soft soldered to the bottom of the liquid 
nitrogen container to provide good thermal contact. 
The size and geometry of the dewar were governed largely 
by the shape of the electromagnet. The dewar was designed to 
allow a maximum sample space within the dewar. Diameter of 
the working space ranged from 11 inches at the top to 1 3/4-
inches at the bottom of the tail. The dewar was 45-inches 
long. 
Helium insert Once a liquid nitrogen temperature 
environment can be maintained, a liquid helium container may 
be placed inside the liquid nitrogen dewar. This cryogenic 
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subsystem was known as the helium insert and is shown in Fig, 
7. It is the section above the 4 K radiation shield. Fig. Ô 
shows the helium insert as it rests in the liquid nitrogen 
dewar. The helium insert consisted of a liquid nitrogen tank, 
a liquid helium reservoir, and the top plate with its pumping 
ports and supporting members. A central tube supported the 
liquid nitrogen tank and the liquid helium reservoir. 
The function of the helium insert was threefold. Access 
for all pumping ports and electrical leads and support for 
the remainder of the cryogenic system were provided by the 
top plate. A reserve of liquid helium for low-temperature 
operation was supplied by the liquid helium reservoir. The 
nitrogen tank served as a thermal anchor for all support 
structures and pumping lines. 
Conductive heat transfer to the liquid helium reservoir 
was minimized by thermally anchoring all the pumping lines 
and the central support tube to the liquid nitrogen dewar. 
The thermal anchor was made of l/32-inch-thick copper strips. 
One end of each strip was soft soldered to the bottom of the 
nitrogen tank, and the other end was soft soldered to the 
part to be anchored. A similar procedure anchored these same 
lines at the base of the helium reservoir. 
Radiation shields at selected points reduced radiative 
heat transfer to the liquid helium reservoir. The central 
tube and pumping lines contained radiation shields in the 
form of copper disks mounted horizontally several inches 
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apart on thin stainless steel tubing. The shields were 
omitted in the liquid helium pot pumping line to maintain an 
optimum pumping speed. There was also a copper radiation 
shield between the liquid helium and liquid nitrogen tanks. 
It consisted of a l/32-inch-thick copper sheet anchored to a 
point that was intermediate in temperature between 4 K and 
77 K. 
A valve mounted in the bottom of the liquid helium 
reservoir allowed liquid helium to flow from the reservoir 
into the liquid helium pot suspended below. Liquid helium 
flowed from the reservoir to the liquid helium pot through a 
l/Ô-inch diameter thin-walled stainless steel tube. The valve 
consisted of a brass needle driven into a stainless steel 
seat to stop liquid flow from the reservoir. When this valve 
was sealed, the pressure in the pot could be lowered to 
50 mm Hg. Convenient operation of the valve was performed by 
mounting the brass needle on a stainless steel shaft, which 
extended outside the cryostat. 
The insert was constructed from non-magnetic stainless 
steel. All joints were heliarc welded. 
Low temperature section The low-temperature section 
of the cryogenic apparatus is the portion below the liquid 
helium reservoir in Figs. 7 and 8. A 4 K radiation shield, 
a liquid helium pot system, and a sample chamber comprised 
the low-temperature section, where temperatures as low as 
0.9 K were achieved and maintained. Thermal isolation and 
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support for the sample were also provided by these components. 
A 4 K radiation shield surrounded the helium pot system 
as shown in Figs. 7 and 8. This shield minimized radiative 
heat transfer between the liquid helium pot system and the 
77 K walls of the nitrogen dewar. Mylar tape and Teflon 
bushings electrically insulated the shield from the helium 
insert. The insulated shield was useful in centering the 
helium insert in the nitrogen dewar. 
The shield was constructed of copper and suspended from 
the helium reservoir. Copper studs, which were in intimate 
contact with the liquid helium, served as attachment points 
on the helium reservoir. Brass bolts were selected to attach 
the shield because the differential thermal expansion between 
brass and copper made the joint tighter as the temperature 
was lowered. 
The liquid helium pot system contained the liquid helium 
utilized to achieve 1 K temperatures. A Model 441 T-M Vacuum 
Products high-speed oil diffusion pump backed with a large 
mechanical pump reduced the vapor pressure over the liquid in 
the pot. Because the film flow in liquid helium II was pro­
portional to the minimum perimeter through which it flowed, 
it was advisable to pump on the helium pot through an orifice. 
To improve pumpdown time the orifice on this system was 
located part way down the pot. The pumpdown time was improved 
because the orifice was not needed until the liquid helium 
had gone through the X-point at 2.2 K. Since approximately 
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20 percent of the liquid helium must be removed to reach 
2.2 K, the orifice may be located part way down the pot. 
In this system the orifice was in a machine screw located 
part way down the pot. A small hole in the bottom of the pot 
allowed access to the screw. Use of the machine screw 
allowed the orifice to be changed or cleaned with relative 
ease. 
Because of the asymmetry of the pot system and the 
stress placed on it, it had a tendency to pull to one side 
at low temperatures. Three pointed nylon screws located at 
the bottom of the pot restrained this movement. These screws 
contacted the wall of the 4 K radiation shield and held the 
pot in position regardless of temperature. 
The pot was constructed from a 5/4-inch-diameter stain­
less steel tube and had a volume of approximately Ô00 cc. k 
5/l6-inch-diameter stainless steel center tube and 1/2-inch 
stainless steel pumping line suspended the pot from the 
helium reservoir. The bottom of the pot was made from 3/8-
inch thick copper. This provided good thermal contact to the 
sample chamber, which was soft soldered to the bottom of the 
pot. 
Three parts made up the sample chamber: (1) the wall of 
the sample chamber, which functioned as a radiation shield; 
(2) the mechanical heat switch, which controlled the thermal 
contact of the addendum and sample to the pot system; (3) the 
addendum, which held the sample, was fastened to the interior 
33 
of the sample chamber. These parts are shown in Fig. 9. 
The copper radiation shield ensured that the sample was 
exposed to a controlled environment. This radiation shield 
completely surrounded the sample chamber and was thermally 
anchored to the bottom of the pot. Greasing the threads that 
held this shield to the pot improved the thermal contact with 
the pot. The temperature of this shield was monitored by an 
Au-0.03 percent Fe vs. Cu thermocouple that was soldered to 
the side of the shield. 
Support for the addendum and sample was provided by the 
sample chamber. This support was obtained from two 1/8-inch-
diameter rings soldered to one-half of a copper cylinder split 
along its axis as shown. Three small copper hangers were 
spaced evenly around the perimeter and then soldered to the 
ring. The addendum was supported from these hangers with 
2 1/2-inch lengths of nylon thread. Both the position and 
the rigidity of the addendum mounting could be adjusted with 
these hangers. 
The addendum had several functions. A wire extending up 
from the addendum served as a clamping post for the heat 
switch. During the heat capacity measurement the sample was 
held by the addendum and, in addition, the resistance ther­
mometer and the heater were fastened to the addendum. 
Two principles guided the construction of the addendum. 
First, since the total heat capacity of the addendum and the 
sample were measured, it was desirable to minimize the heat 
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capacity of the addendum. Second, rapid thermal equilibrium 
of both addendum and sample was required to ensure meaningful 
temperature measurements. 
The addendum was formed from 5 mil thick copper foil in 
the shape of a pan with a diameter of 5/8-inch and 1/Ô-inch-
high walls. Spaced evenly around the pan and silver soldered 
to it were three pairs of eyelets made from copper wire. A 
length of wire from one of the eyelets extended to the jaw of 
the heat switch. 
The heater was wound in a bifilar fashion around the 
wall of the pan. Stycast epoxy was used to thermally and 
mechanically anchor the heater to the wall of the pan. 
The thermometer was fastened to a copper tab, which was 
silver soldered to the bottom of the pan. To ensure good 
•1 
thermal contact between the thermometer and the sample pan, 
the thermometer leads were replaced with two one inch lengths 
of Number 30 manganin wire and fastened to the copper tab 
with Stycast epoxy. Apiezon N grease was placed in the pan 
to improve thermal contact between the sample and thermom­
eter. 
The mechanical heat switch is shown in Fig. 9. Once 
activated the switch clamped the wire from the addendum 
between the lower jaw and a copper post, which was soldered 
into the base of the helium pot. Typically 100 ergs of heat 
were generated when the switch was opened. 
The switch consisted of a copper bar that pivoted on a 
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hinge at one end. Friction in the switch was reduced by 
using a stainless steel hinge pin. A stainless steel music 
wire soldered to the middle of the copper bar actuated the 
switch. The stainless steel wire passed through the center 
of the helium pot and was fastened to a bellows-sealed vac­
uum valve used to actuate the switch. To restrain the switch 
and reduce vibration, a phosphor bronze wire spring was 
mounted between the lower jaw of the switch and the base of 
the helium pot. 
Thermal anchoring of the heat switch was important 
because heat generated in the switch would have passed 
directly to the sample and addendum. Lengths of copper braid 
soldered to the wire shunted incoming heat to the helium 
reservoir and the helium pot. Copper braid, held with small 
screws, thermally anchored the lower jaw of the heat switch 
to the base of the pot. The clamping surfaces were of 
polished copper and were quite adequate although it was found 
out later that an In-Cu surface may provide better contact 
(28) .  
Electronics 
General comments The measurement techniques were 
primarily D.C. Because of the low signal level and the 
required accuracy, certain precautions were taken to ensure 
accurate, stable measurements. For electrical leads used in 
the actual measurement, these precautions were: (1) shielding, 
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(2) guarding, (3) grounding, and (4) thermal and mechanical 
anchoring. Only thermal anchoring was necessary for the 
thermocouple leads. 
All electrical leads to the cryogenic system were 
copper, twin lead, shielded cable. Electrical shielding 
within the cryostat was provided by the stainless steel dewar 
itself. All electrical components were contained in a metal 
console, which provided additional shielding. Shielding the 
apparatus in this manner reduced electrical noise in the 
thermometer circuit, (the most sensitive circuit) to approxi­
mately 0.02 fiV. 
In addition to electrical noise, electrical leakage can 
also be a problem. Generation of the small currents used in 
the thermometer circuit required the use of large resistances. 
These large resistances promoted electrical leakage which 
gave rise to large apparent thermal electromotive forces 
(emf). To prevent the errors caused by this leakage, both 
the heater and thermometer circuits were guarded by mounting 
the circuit components on a metal panel well isolated from 
any electrical ground. When the low potential side of the 
emf was connected to this panel, the leakage currents were 
shunted back to the battery without passing through the 
measurement circuits. 
Of course, neither the shielding nor the guarding would 
be effective without adequate electrical grounding. All 
grounds used in this measurement were made in a "tree" 
38 
fashion to eliminate the possibility of ground loops. The 
third wire ground on the A.C. outlets proved to be the most 
noise-free ground. To further minimize electrical noise the 
top plate of the helium insert and the large pumping line 
connected to the helium pot were grounded. 
Adequate thermal anchors for the leads were important 
for two reasons. First, since these leads terminated at the 
sample holder it was necessary to minimize any heat which 
might be conducted down them. Second, good thermals mini­
mized the thermal emf's generated at the junction box located 
on the top plate and at the low temperature junction next to 
the sample holder. The junction at the top plate was between 
the copper leads from the console and the Number 36 manganin 
leads used in the cryogenic section. The low-temperature 
junction was between the Number 36 manganin leads and four 
1-inch lengths of 1 mil 92^ Pt-8^ W wire connected to the ther­
mometer and heater. A 92^ ft-##W wire was used because of 
its strength and low thermal conductivity. 
The junctions at the top plate of the helium insert 
were made on l/4-inch-thick copper plate. Thin Mylar wafers 
electrically insulated the junctions from the plate. In 
addition to the large thermal mass of the copper plate, a 
urethane foam enclosure reduced drafts, and a low thermal 
solder minimized the thermal emf's at this junction. The 
low-temperature junction was made by soldering the manganin 
and 92%Pt-Ô^ W wires onto a short length of Number 20 copper 
39 
wire thermally anchored to the helium pot with Stycast epoxy. 
After the leads were passed through a vacuum-tight Conax 
seal in the top plate they were thermally anchored at the 
following places: (1) inside the nitrogen tank, (2) at the 
helium reservoir, (3) at the helium pot, and (4) at the 
sample chamber. 
Nitrogen temperature anchors were made by glueing the 
wires with GE7031 varnish to a l/S-inch-diaioaeter stainless 
steel tube which was soldered at the top and bottom of the 
pumping line. Anchors at liquid helium temperatures were 
made by passing the leads through the helium reservoir. This 
was accomplished by joining the incoming leads with 10 inches 
of Number 30 manganin wire. This wire was then folded in 
half and passed through a small hole drilled in the cap. 
After the assembly was sealed with Armstrong A-12 epoxy it 
was soldered to the bottom of the helium reservoir, and the 
electrical connections were made. 
Once attached to this assembly, the leads were routed to 
the helium pot where they were wrapped and anchored to the pot 
with nylon stocking and a silicone compound. The leads then 
reached the sample chamber via the central tube in the helium 
pot. At this point a final thermal anchor was made before the 
manganin leads were connected to the final four inches of 
92^ -Pt-8^ W wire. This anchor was made by wrapping the leads 
around a copper post several times. Armstrong A-12 epoxy was 
again used to anchor these leads. 
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The scheme just described was used only for the heater 
and thermometer leads. Thermocouple leads were anchored by 
attaching approximately six inches of each lead with epoxy 
to 3/16-inch-thick copper posts as described by Must ( 29 ) ,  
These copper posts were fastened to the bottom of the helium 
reservoir and provided adequate anchoring for the thermocouple 
leads. Once anchored these leads were then routed to their 
respective locations. 
Thermometer circuit Figure 10 depicts the four-lead 
technique used to measure the resistance of the germanium 
resistance thermometer, Number 894, mounted on the addendum. 
A comparison of the voltage drop across the unknown resis­
tance (germanium thermometer), with the voltage drop across 
the l,000-o standard resistor determined the resistance. 
The circuit consisted of two major parts, the current supply 
with germanium thermometer and standard resistance, and the 
potential measuring apparatus. 
The current supply is shown in Fig. 11. Voltage was 
supplied by eight 1.35-volt mercury batteries. Resistances 
placed in series with the germanium resistor allowed current 
selections of 0.1, 0.25, 0.5, 1, 3, and 5 mA. A variable 
tap on a 10-kO resistor connected in parallel with the 
battery allowed the current to be adjusted about the main 
selections. 
Voltages were measured with an L&N 7556 potentiometer 
which used a Keithley 149 millimicrovoltmeter as its null 
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detector. The output of the Keithley 149 is displayed on 
the red pen of a Texas Instruments PWD strip chart recorder. 
Since the L&N potentiometer was typically used in the x.Ol 
function, its least count was 0.01 nY, The strip chart 
recorder was used in a center zero fashion, and full-scale 
deflection to the right or left ranged from 0.5 juV to $0 pV, 
depending on the Keithley 149 range setting. The low side 
of the input to the Keithley 149 provided the most stable 
ground for the circuit. 
Heater circuit In this experiment the heat was added 
to the sample and addenda by the joule heat generated in a 
known, fixed resistance. Thus the amount of heat, Q in 
joules, added to the sample and addendum was given by 
2 
0=1% RjjAt, where ly is the current through the heater resis­
tance in amperes, Ry is the heater resistance in ohms, and 
At is the time of the heat pulse in seconds. 
The apparatus used to generate and determine these 
quantities consisted of (1) a basic heater circuit, (2) a 
potentiometer circuit to determine the current, and (3) a 
heater resistor. 
The basic heater circuit is shown in Fig. 12. This 
circuit supplied the current to the heater resistance located 
on the addendum and triggered the pulse timer. A 22.5-V B 
battery supplied current to a 1,000-n standard resistor and 
a dummy heater. This circuit generated currents ranging 
from 10 jLiA to 1.5 mA, which corresponded to heater powers of 
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0.12 MW to 2.7 mW. The sample heater was connected in 
parallel with the dumnqr heater, the resistance of which was 
adjusted to keep the current constant. This adjustment 
prevented surges when the heater was switched on and off. 
The time of the heat pulse was measured by counting a 
10-kHz signal during the pulse with a Hewlett-Packard 521CR 
counter. A Fairchild Model 7Ô1 time-mark generator supplied 
the 10-kHz signal. Counting was initiated by a switch ganged 
with the heater on-off switch. The heater on-off switch and 
the counter switch were simultaneous to less than 0.7 msec 
as measured by a dual-trace oscilloscope. 
Figure 13 shows the circuit that continuously monitored 
the heater current. A rubicon type "B" potentiometer bucked 
out the voltage across the 1,000-0 standard resistor to 
within one millivolt. The difference between the potenti­
ometer voltage and thel,000-fi standard resistor voltage was 
recorded on the green pen of a Texas Instruments PWD strip 
chart recorder. The voltage across the 1,000-n resistor, 
and therefore the current, was determined by adding or sub­
tracting, as required, the strip chart recorder reading to 
the potentiometer reading. If the dummy resistor was set so 
that it did not exactly match the heater resistance, the 
beginning and end of the heat pulse were also marked on the 
recorder. A resolution of 20 in the standard resistor 
voltage was possible with this circuit. Current reversal 
techniques fixed an upper limit for 20 nY for any thermal 
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voltages present in the circuit. A reversal switch on the 
battery and a Leeds and Northrop low thermal switch on the 
input of the Rubicon "B" potentiometer permitted the use of 
current reversal techniques. The Rubicon "B" potentiometer 
was standardized by switching the output of the potenti­
ometer from the recorder to a Leeds and Northrop 98)4 null 
dector. A ground for the heater circuit was located at 
the low side of the input to the strip chart recorder. 
The heater itself was wound from 0.9-niil-diameter 
92%Pt-Ô^W potentiometer wire (Sigmund-Cohn Alloy No. 479). 
This wire was similar to that used by Ho and Phillips (30) 
and was useful because of its low-temperature coefficient of 
resistance, its small low-temperature heat capacity, and its 
strength. The resistance of the heater was measured with a 
four-lead technique and determined to be 1,298 ohms, inde­
pendent of temperature from 1 K to 13 K. 
This heat capacity measurement employed a three-lead 
connection to the heater. Two current leads and one poten­
tial lead were connected from the last thermal anchor at the 
sample chamber to the two heater leads on the addendum. The 
second heater potential lead was connected to the other 
current lead at the last thermal anchor. Three-inch-long, 
2-mil-diameter leads of 92^ Pt-8$^ W were used for these 
connections. This technique accounted for the heat generated 
in the leads if one-half the heat generated in the lead 
entered the addendum and one-half went to the thermal anchor 
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(31, 32). The effects of this assumption were minimized by 
using larger, 2-mil-diameter wires, to make these connec­
tions . The smaller resistance of the larger wire kept the 
heat generated in the leads small in comparison to the heat 
generated in the heater (4 percent in this case). 
Experimental Procedures 
Thermometry 
Perhaps the most difficult requirement to meet in low-
temperature heat capacity measurements is adequate thermom­
etry. The thermometer must be stable against repeated 
cycling if frequent calibration is to be avoided. It must 
also have adequate sensitivity, and be small enough, or 
anchored well enough, to equilibrate rapidly after a heat 
pulse* 
A type of thermometer that has these qualities is the 
doped germanium resistance thermometer. A typical germanium 
resistance element was contained in a helium-filled sealed 
case approximately 2 to 4 mm in diameter and 8 to 14 mm long, 
with four leads coming out through a Pt-glass seal. The 
particular resistance thermometer used for these measurements 
was a Solitron, Number 894. This thermometer had a resistance 
of 4800 at liquid helium temperature and a resistance of IJkn 
at 1 K. Selection was based on a compromise between maximum 
sensitivity in ohms per degree Kelvin at high temperatures 
and low resistance at the low temperatures. 
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The thermometer was calibrated by comparison with two 
of C. A. Swenson's standard germanium resistance thermometers, 
GR61Ô and GRÔ03. All thermometers were thermally anchored to 
a massive copper block, the temperature of which was precisely 
regulated while the resistance of the thermometers was 
measured. Standard thermometers, GR61Ô and GRÔ03, were cali­
brated against a new paramagnetic salt temperature (PSST) 
scale (33, 34), which is based on the NBS-1955 platinum resis­
tance thermometer scale above 18 K. The PSST agrees with the 
NBS acoustical scale (35) to within + 0.03 percent from 2.2 
to 19 K and has a maximum deviation of 5 mK. 
Resistance, R, and temperature, T, values obtained in 
this calibration were fit using a linear least squares tech­
nique to a relation of the form 
lnT=Ao+ AilnR+A2(lnR)^ -f (14) 
The scatter of the data from this curve was approxi­
mately + 1 mK, which is also the precision of the measure­
ment. Because of the complexity of the resistance-
temperature relationship, it was necessary to fit the data 
over narrow temperature ranges. Therefore, the data from 
1.1 to 28 K were fit in the three overlapping ranges: 1.1 
to 4.2 K, 2 to 18 K, and 14 to 2Ô K. The breaking point for 
each range was determined by those points which had the same 
resistance and temperature, to 1 mK, and the same slope, to 
0.5 percent. 
The temperature used to calculate the heat capacity 
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below 1.1 K was determined with the fit for the temperature 
range from 1.1 to 4.2 K. Examination of the R-T relation­
ship and its first and second derivatives verified that this 
curve was smooth and monotonie in the region from 0.9 to 
1.1 K. However, measurements of the specific heat of copper 
indicated an increasing, significant error in the measure­
ment as the temperature was decreased below 1.2 K. Thus, 
although data were taken below 1.1 K, the error in the 
measurements below 1.2 K may be quite large. Inasmuch as some 
measurements were made in a magnetic field, it was necessary 
to determine what influence a magnetic field might have on 
these measurements. A magnetic field would produce 
magnetoresistance effects in the thermometer, which would 
affect the accuracy of the temperature measurements. The 
magnitude of these effects was explored experimentally. 
It was concluded that the effect of a magnetic field of 
the magnitude used in this experiment, typically 100 gauss 
or less, was negligible for two reasons. First, the voltage 
drop across the germanium resistor was monitored while the 
applied magnetic field was changed from 0 to 100 gauss. 
Constant temperature of the addenda was maintained by closing 
the heat switch, and by controlling the vapor pressure, and 
hence the temperature, in the helium pot with a manostat. 
No discernible voltage change was observed when this pro­
cedure was used. Second, there was no systematic difference 
between the normal-state heat capacity data taken with and 
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without magnetic fields as large as 100 gauss over the 
temperature range from 1.8 to 5 K. A single run on sample 
RbX? with an applied magnetic field of 5 kilogauss has been 
corrected with a calibration supplied by A. Bevolo. 
Sample preparation and analysis 
The large crystalline Rb^ WO^  samples were prepared by 
fused salt electrolysis with an electrolytic cell developed 
in this laboratory (36). Samples Rbl2F and Rbl2G were 
prepared by John Hopkins, while samples Rb21F, Rb21G, and 
Rb22A were prepared by the author. The furnace consisted of 
a 5-inch i.d. Alundum tube on which was wound a Kanthal heat­
ing element. A double layer of brick insulated the winding 
on the outside. A crucible, the interior of which was glazed 
with a lead free glaze, was positioned in a furnace as shown 
in Fig. 14. The crucible was loaded with a charge and heated 
to the growth temperature near 800 C, at 50 C/hr. The charge 
consisted of approximately a 50 percent (molar) mixture of 
RbCl and WO^ ; the exact molar percent depended on the desired 
x-value. When the growth temperature was reached, an anode 
consisting of a small graphite rod connected to a thin-walled 
metal tube with a quartz sleeve was inserted into the 
crucible. Also inserted in the crucible was a cathode made 
of Number 22 chromel wire in an Alundum tube. 
The melt was held to within 2 C of the desired growth 
temperature by means of a proportional control system 
referenced to a thermocouple placed next to the furnace 
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winding. An additional thermocouple was placed on the side 
of the crucible to measure temperature. 
A constant current was then passed through the melt 
until the crystals were removed from the cathode. The current 
used varied from 20 to 35 mA. Crystal quality, Judged by 
crystal size and absence of slag pockets, appeared to 
decrease with both increased current and temperature. 
Rubidium concentrations were determined by neutron 
activation analysis as reported by Wechter and Voigt (37). 
They were able to obtain x values for Rb^ WO,^  with an accuracy 
of 3 to 4 percent. To ensure the reliability of the x-values, 
lattice constants of the crystalline samples were determined 
and compared with the results of Shanks and Danielson (3Ô). 
At higher x-values (0.26sxs0.33) the c-axis lattice constant 
had been found to decrease with increasing Rb concentration 
(1, 38). The resulting linear relationship, and the theoreti­
cal upper limit of x=0.33 were used to confirm the x-values 
determined by neutron activation analysis. A plot of the 
c-axis lattice constant versus x-value for the five 
crystalline samples that were measured in this experiment is 
shown in Fig, 15. 
Howard Shanks prepared by solid state reduction reaction 
the only powdered specimen which was measured. The reactants 
Rb2W0jij^ , WO^ , and a small strip of tungsten metal were placed 
in a graphite bomb, heated to and held at approximately 700 C 
for 4Ô hours. At this time the bomb was cooled, opened, and 
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the reactants were mixed; when this was done the bomb was 
again heated to 700 C and the cycle was repeated. This 
process was repeated two or three times until the reaction 
was complete. The result was a fine powder of Rb^ WO^  with a 
grain size of approximately 50 to lOO/^ m. 
The x-value for several powdered samples, including 
RbX7 (the one measured in this experiment), are shown in 
Fig. 15. There is clearly a significant difference in the 
behavior of the c-axis lattice constant for the electro-
lytically grown samples and the powdered samples. Since the 
interstices along the c-axis are smaller than the rubidium 
ions, it was expected that increasing the rubidium content 
would cause a contraction of the lattice. This was observed 
in the electrolytically grown samples but not in the powdered 
specimens. The reason for this behavior and its significance 
in this measurement are not understood. 
Specific procedures 
This section details the primary procedures followed in 
operating the experimental apparatus for this experiment. 
The procedures were conveniently classified into preliminary 
procedures and procedures related to data taking. Prelimi­
nary procedures were the preparations! procedures before 
taking data. Replacement of the sample, centering of the 
helium insert, cooldown, and helium transfer are examples of 
preparational procedures. The other types of procedures are 
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those directly related to data taking. 
A data-taking run began by removing the cryostat from 
the dewar. Once the 4 K and 1 radiation shields were 
removed, the sample and any grease adhering to it were taken 
from the holder and weighed to 0.1 mg. The amount of grease 
on the sample was measured by reweighing the sample after it 
had been cleaned with trichloroethylene, acetone, and alcohol. 
Comparison of the weight of the sample and grease with the 
sample alone determined the amount of grease that was added 
to the new sample to maintain a constant addenda heat 
capacity. After the new sample was placed in the holder, the 
addenda wire was adjusted in the heat switch jaws, and the 
switch was then closed to reduce vibration of the sample. 
When the radiation shields had been replaced, the helium 
insert was carefully lowered into the nitrogen dewar and 
centered with an electrical detector. The detector consisted 
of a Number 36 manganin wire, which was soldered to the 4 K 
radiation shield and brought out of the cryostat through a 
vacuum feedthrough. Mylar tape electrically insulated the 
radiation shield from the helium insert. Contact between 
the dewar and the radiation shield was detected by an ohmmeter 
connected to the manganin wire and the dewar. The helium 
insert was then moved until the ohmmeter indicated an open 
circuit. Since the helium insert had a tendency to pull to 
one side at low temperatures, the ohmmeter was monitored 
during the course of a data run. This procedure quickly 
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detected any thermal shorts that resulted from contact between 
the dewar and the 4 K radiation shield. Once the helium 
insert was in place, the sample vacuum chamber and the vacuum 
jacket of the nitrogen dewar were evacuated. 
When the sample vacuum chamber had reached a minimum 
pressure of approximately 10"^  Torr (approximately one day 
of pumping), the system was ready for cooldown. After the 
helium reservoir and the helium pot were evacuated and back­
filled with helium gas, the nitrogen reservoir and the dewar 
were filled with liquid nitrogen, and the sample chamber was 
backfilled with helium transfer gas. In approximately three 
hours, the helium insert had cooled to 78 K and pumpdown of 
the sample chamber vacuum space was begun. 
When the pressure in the sample chamber was less than 
10"^  Torr (typically three or four hours), the system was 
ready for a liquid helium transfer. Liquid helium was 
transferred from the storage dewar to the reservoir through 
a tube inserted into the helium reservoir. The helium pot 
fill valve was open, and a slight vacuum was drawn on the 
helium pot. This procedure allowed cold gas to be drawn 
through the helium pot system and made the cooldown more 
efficient. During cooldown the transfer pressure on the 
liquid helium container was held at 1/4 psi; transfer at 1/2 
psi was begun when the voltage from the thermocouple on the 
1 K shield indicated a temperature of 10 K. Another thermo­
couple located on the bottom of the reservoir determined the 
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temperature at that point. Once liquid helium began 
collecting in the pot, the vacuum on the pot was removed so 
that the pot temperature would not drop below 4 K. When 
the pot was full a capped-off Cenco fitting located on the 
helium pot pumping line was loosened to provide a pressure 
relief for the helium boiling in the pot. A normal transfer 
lasted from 50 to 75 minutes and used 12 to 15 liters of 
liquid helium. Once the helium reservoir was full and both 
the shield and the reservoir were at liquid helium tempera­
ture, the fill valve to the pot was closed, and both the 
Rubicon "B" and the Leeds and Northrop Model 7556 potentio­
meters were standardized. The strip chart recorder was set 
at zero, and its calibration checked. 
The system was now ready to take data. Normally a data 
run was made in the evening because of lower electrical noise 
at this time. Inasmuch as it took the cryogenic system a 
couple of hours to stabilize for low-temperature operation, 
data were taken from 4 K to 13 K first, after which the heat 
switch was closed and the vapor pressure in the pot reduced 
until the sample and addenda reached 1 K. The switch was 
then opened, and data were taken from 1 K to 4 K. 
Data taking began by measuring the thermometer current 
and properly zeroing the thermal voltages in the thermometer 
circuit. After the heat switch was opened, a short was 
placed across the input to the Model 7556 potentiometer, and 
the thermal voltages were zeroed out with the zero suppress 
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control on the Keithley 149 « The potentiometer was then 
switched to the 1,000-n standard resistor in the current 
supply. Current through the germanium thermometer was deter­
mined from the voltage across the standard resistor. Current 
reversal techniques eliminated the effect of any thermal 
voltages in this measurement. 
Because the voltage across the germanium resistor could 
only be measured in one direction while a data point was 
taken, it was necessary to eliminate the thermal voltages in 
this circuit. To do this, the potentiometer was connected to 
the germanium resistor potential leads, the thermometer 
current was switched off, and the desired zero was obtained by 
adjusting the zero suppress control on the Keithley 149* The 
current was then turned on, and the measurement proceeded. 
After four or five data points were measured, the current 
was again measured and the zero suppress control was adjusted 
to compensate for the thermal voltages. The thermal voltages 
changed very little except at the very lowest temperatures. 
Below 1.5 K it was necessary to adjust the zero suppress con­
trol every two or three data points. At these temperatures, 
the thermal voltages were measured each time they were zeroed. 
The thermal voltage was assumed to change linearly with time, 
and a correction based on this assumption was made to each 
data point. 
An actual data point was taken in the following manner. 
A drift trace was established by monitoring the voltage 
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across the germanium resistor several minutes before each 
heat pulse. Then the heater was turned on until the sample 
warmed to some predetermined temperature, which was normally 
less than five percent above the initial temperature. After 
the heater was turned off, the potentiometer was rebalanced, 
and another drift trace was established. 
The result of this procedure was a strip chart record­
ing of the form shown in Fig. 16. Because the dummy resis­
tance differs from the heater resistance, the start and finish 
of the heat pulse were recorded as a jump in the green pen of 
the recorder. Initial and final potentiometer settings, heat 
pulse time, and the voltage across the standard resistor in 
the heater circuit were recorded on the strip chart. Extrap­
olation of the initial and final drift traces to the center 
of the heat pulse determined the initial and final tempera­
ture of the sample and addenda. 
Data analvsis 
Data reduction and calculation began by recording the 
raw data from the strip chart recordings. The raw data are 
the germanium resistor voltages at the final and initial 
temperatures of the heat pulse, the heater and thermometer 
currents, and the time of the heat pulse. A computer pro­
gram computed Q=I^ RjjAt, the initial temperature T^ , the 
final temperature T^ , the average temperature (Ti+T^ l/Z, the 
difference TJ;-Tj^ =AT, and the total heat capacity Q/aT. The 
addenda heat capacity was then determined from an analytical 
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to the midpoint of the heating pulse. 
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expression obtained from a least squares fit to the addenda 
heat capacity from the total heat capacity, the program 
divided the remainder by the number of moles in the sample. 
The molar weight of Rb^ WO^  was calculated by weighting the 
mass of the rubidium atom by the factor X. 
The program further calculated and printed for each 
data point and the ratio of the addenda heat 
capacity to the total heat capacity of the sample and the 
addenda. 
It is frequently possible to express the low-temperature 
heat capacity by an expression of the form 
C = yT+)8T^ +WT^ + .... 
Inasmuch as the coefficients of the T^  and higher-order terms 
are normally small and physically insignificant, it is 
illustrative to plot C/T vs T^ . Such a plot for classical 
solids at low temperatures should be a straight line with 
slope/3 and intercept T . The physical significance of/3 and y 
for Rb^ O^  is given by equations 3a and 5b. 
When such a plot was made for a superconductor, the 
superconducting transition manifested itself as a jump in 
C/T at the superconducting transition temperature, Tg. 
Because these transitions are not perfectly sharp, it was 
necessary to establish a procedure to determine both C and 
Tg, The procedure used for the crystalline sample was to 
draw lines tangent to the C/T vs T^  plot just above and 
below the transition region. The intersection of these 
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tangents defined an initiation, a completion, and a AC for 
the transition. The transition temperature was the average 
of the initiation temperature and the completion temperature. 
Because the transition for the powdered specimen was spread 
over such a large temperature region, its transition tempera­
ture was defined as the temperature where the heat capacity 
began deviating from linear behavior as the temperature was 
decreased. The jump in the heat capacity for the crystalline 
samples was determined at the temperature of the lower inter­
section point. The jump was calculated from the difference 
between the heat capacity associated with the intersection 
of the two tangent lines and the normal-state heat capacity. 
Results obtained in this manner do not differ from those 
obtained from an ordinary C vs T plot. 
When the preceding analysis had been performed, it was 
possible to examine other contributions to the heat capacity. 
For example, an Einstein mode should have a contribution to 
the heat capacity given by Equation 6. Presence of this mode 
would be indicated by a sharp rise above straight-line 
behavior on a C/T vs T plot. Since the Einstein temperature 
was not too low in temperature, it was possible to determine 
the contribution of this mode by extending the straight-line 
behavior into the region where the heat capacity was rapidly 
increasing. The difference between these two curves 
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represented the Einstein contribution to the heat capacity, 
find a plot of T Cg^ ccess ^ 5 l/T determined an Einstein 
temperature for the mode. 
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CHAPTER III. RESULTS 
Addenda 
Inasmuch as the measured heat capacity included the heat 
capacity of the germanium resistor, heater, pan, and fasten­
ing epoxies (collectively known as the addenda), it was neces­
sary to determine their heat capacities and subtract them from 
the total heat capacity of the sample and the addenda. The 
heat capacity of the addenda was measured by the same tech­
niques that were used for the sample measurements. 
A constant amount of grease (to 0.1 mg) was maintained 
in the pan by weighing the sample before it was set in the 
sample pan and after removal from the pan. The difference 
represented the amount of grease to be replaced in the pan, 
or added to the next sample, depending on whether the addenda 
or a sample was to be measured. 
The addenda heat capacity was measured twice, once before 
any samples had been measured, and once after samples Rbl2F, 
Rb21F, and Rb22A had been measured. These data were referred 
to as ADD I and ADD II, respectively. ADD I was used to 
represent the addenda heat capacity from the first measurement 
until ADD II data were taken. At this time ADD II was used 
to represent the data. This distinction is somewhat arbi­
trary, inasmuch as aDD I and ADD II did not differ by more 
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than 1 percent. 
To facilitate calculation of the heat capacity, both the 
ADD I and ADD II heat capacities were fit using a least 
squares technique to an equation of the form C=EA^ T^ . The 
n 
temperature range was divided into three regions; T< 2 K, 
2 K^ T s 7 K, T>7 K, The range T<2 was necessary because a 
minimum in the addenda heat capacity at 1 K prevented fitting 
the data as accurately as possible over the temperature range 
from 1 to 7 K,, 
For all ranges except the low range (T<2K), only odd 
terms in the series above were used. The inclusion of both 
even and odd terms gave better fits for the region T<2 K 
because of the minimum at 1 K. Figure 17 is a plot for the 
0.9 K<T<2 K fit region for ADD I, showing the percentage 
deviation of the measured value of the addenda heat capacity 
from the value calculated using the fit equation. The random 
scatter of the data indicates that the fit is representative 
of the data. This plot illustrates the maximum scatter of 
the data; fits for the higher temperature ranges generally 
exhibit scatter of 0.4 to 0.8 percent. 
The fit constants for each range for both ADD I and 
ADD II are listed in Appendix B. 
Copper 
On completion of the experimental apparatus, it was 
desired to determine the precision of the heat capacity 
measurements. The best way to accomplish this was to compare 
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Fig. 17. The percent deviation of the experimental 
addenda heat capacity from the polynomial 
fit for the temperature range 0,9 KsTg2.0 K, 
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the experimental results with those of other experimenters 
for a selected material. An ASARCO (American Smelting and 
Refining Company) copper sample of 99-999 percent purity was 
obtained from C. A. Swenson because it was readily available 
and its specific heat is well documented (39j 40, 41). 
After receipt, the original sample was split in two 
pieces, and one piece was used both as a calorimetry standard 
and thermal expansion standard and the other piece as this 
experimenter's calorimetry standard. My sample was swaged 
to 0.45-inch to fit the sample holder, etched in nitric acid, 
and annealed in a vacuum for several days. The sample had a 
mass of 30 g and had a total heat capacity approximately 
equivalent to that of the Rb^ WO^  bronze samples that were 
measured later. 
Grease was applied to one end of the sample to provide 
thermal contact, and a fine copper wire fastened the sample 
to the heat switch wire to provide mechanical support. The 
heat capacity of this arrangement was then measured over the 
temperature range of 1 to 14 K. The heat capacity results 
for copper are listed in Appendix B. Also listed is a 
comparison of the author's measured value and that of the 
reference equation of Osborne (40). It is seen that the 
agreement is within 1.3 percent for 1.3 K<T<14 K. Below 
1.3 K the difference becomes larger until at 0.9 K there is 
a difference of 2? percent. It is suspected that this large 
error is caused by the lack of thermometer calibration at 
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these lower temperatures. 
Errors 
The random error associated with the voltage measure­
ments was less than 0.0$ percent. Similarly, the time 
measurement uncertainty was 0.05 percent. The error associ­
ated with the reduction of data from the recorder chart was 
approximately ± 0.2 percent. The heater resistance was deter­
mined to vary by 0.05 percent over the temperature range 1 K 
to 11 K. The sum of these uncertainties would give a pre­
cision of 0.4 percent. 
Perhaps the largest errors associated with a measurement 
of this type are the systematic errors. A possible error of 
this type would be a mismatch in the length of the heater 
leads to the sample holder. Measurements indicate this error 
would be less than 0.1 percent. 
The manner in which grease is added to new samples would 
allow cumulative errors in the amount of grease present in 
the sample holder at any one time. If the grease is consid­
ered nearly equivalent to Apiezon T grease, for which the 
heat capacity is known (42), a cumulative error of 1 mg of 
grease would result in an addenda heat capacity error of 
0.2 percent. 
The sample heat capacity was determined by subtracting 
the addenda heat capacity from the total measured heat 
capacity. Assuming the addenda heat capacity was smooth to 
0.7 percent, an additional error of up to 2 percent may be 
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expected because the addenda may comprise up to 40 percent of 
the total heat capacity. 
Furthermore, there is an error associated in the measure­
ment of the x-value for the sample. This quantity entered 
into the determination of the molar heat capacity. Its sys­
tematic errors were unknown but the random error associated 
with the x-value was typically 3 percent. 
The simultaneity of the timer and the heater power switch 
was determined experimentally to be approximately 1 msec, 
which would cause a maximum time error of 0.05 percent. 
Perhaps the largest error may arise from the temperature 
calibration of the resistance thermometer even though the 
thermometer was calibrated to an accuracy + 1 mK. Inasmuch 
as the last calibration point was at 1.08 K and the apparent 
error in the copper measurements began increasing below 
1.3 K, it was felt advisable to investigate the effect of 
different thermometer scales on the measured heat capacity. 
This problem has been considered by Holste, et al., (43) who 
found that 
dCv/Cv= (dAT/dT +o,(T)AT/T), (15) 
where Cy is the heat capacity at constant volume,AT is the 
difference between the two temperature scales, and «(T) is 
given by d(lnCy)/d (InT). This equation was used to estimate 
the temperature error in the following manner. A comparison 
of the measured value for the heat capacity of copper and 
the reference equation (40) was used to define dCy/Cy as a 
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function of temperature. With this definition, Equation 15 
was integrated in an iterative fashion to give AT(0.9K)=30IDK. 
The value for T(0.9K) would be reduced somewhat if the addenda 
correction were taken into account. However, even without 
this correction it was clear that a calibration error of 
30 mk at 0.9 K was not unreasonable inasmuch as the last 
calibration point was at 1.0# K. Thus it appeared that the 
large error in the heat capacity of copper at low tempera­
tures may have been caused by the thermometer calibration at 
the low temperatures. 
Summing these errors leads to errors of up to several 
percent. However, perhaps the best indication of error 
present in the system was a comparison of the copper data to 
the values given by the reference Equation (40). This com­
parison indicates the errors are less than + 1 percent at 
temperatures above 1.25 K. There is, however, significant 
error below this temperature. 
Rb^ WO^  Results 
In the presentation and discussion of results to follow 
it was convenient to classify the specimens as either large 
crystals or fine powdered. The crystalline samples were 
grown by electrolysis from a melt of RbCl and WO3. There 
were five samples of this type Rbl2F, Rbl2G, Rb21F, Rb21G, 
and Rb22A, The powdered sample was grown by solid state 
reaction and compressed into a tablet before its heat 
capacity was measured. 
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Results for the superconducting state heat capacity of 
both the crystalline and powdered samples for the temperature 
range 1.0 K are plotted as C/T vs in Fig. 18 and 
19 respectively. These data were taken in a nominal magnetic 
field. Results for the normal state heat capacity of both 
the powdered and crystalline samples are plotted as C/T vs T-
in two figures: (1) Fig. 20 illustrates the data for the 
temperature range, 1.0 K g Tg6.3 K, and (2) Fig. 21 illus­
trates the data for 6.3 KgTël4 K. For clarity, only the 
normal state heat capacity of Rbl2F and Rb21F are plotted in 
Fig. 21. Results for the other crystalline samples order 
with increasing x-value between those of Rb21F and Rbl2F. 
Some of the data illustrated in Figs. 18 and 20 have 
been reported in the Proceedings of the Thirteenth Inter­
national Conference on Low Temperature Physics. The sample 
identified as A-2 in that publication is identical to the 
sample Rbl2F reported in this document. Since the time of 
that conference, the x-value for this sample has been deter­
mined to be nearer to 0.33 than to 0.3I as was reported. 
Normal state data for the powdered sample were obtained 
in a magnetic field of 5 kilogauss, while a field of 100 
gauss was sufficient to suppress the superconducting transi­
tion temperature of the crystalline samples below 1 K. The 
normal state heat capacity was verified to be independent of 
magnetic field up to 100 gauss. All heat capacity data for 
each sample are recorded in Appendix B. 
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Fig. 16. The heat capacity of the 
superconducting state of the 
large crystalline samples from 
T=1.0 K to T=3.2 K. 
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capacity of both powdered 
and crystalline Rb^ WOo from 
T=1.0 K to T=3.2 KV  ^
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Fig, 21, The normal state heat capacity of the 
powdered sample RbX7, from T=6,3 K to 
T=ll K and the crystalline samples 
Rbl2F and Rb21F from T==6.3 K to T=14 K, 
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Data for the powdered sample show the following features: 
(1) a superconducting transition at 2.7 K in zero magnetic 
field, (2) linear nonnal state behavior for 1 KsTë4 K on a 
C/T versus plot, and (3) a sharp increase over the Debye-
like behavior for temperatures greater than 4 K. The linear 
normal state behavior may be represented by the expression 
C=(2.3Ô mJ/mole-K^) T+(0,28 inJ/mole-K^)T^ , (16) 
Data for the crystalline samples show the following 
features: (1) a superconducting transition at 1.6 K except 
Rb21G, which had a transition at 1.7 K, (2) an anomalous 
contribution to the normal state heat capacity causing a 
broad shoulder centered near 2 K, and (3) a sharp increase 
in the normal state heat capacity above 4 K. 
The transition temperatures, heat capacity jump, and 
sample characteristics for each sample are summarized in 
Table I. 
Data were also taken on Samples Rbl2F, Rb21G, and Rb22A 
at magnetic fields between zero and 100 gauss to establish 
critical field curves. The results of these measurements 
are plotted as C/T vs T^ in Figs. 22, 23 and 24. The 
critical fields for the various samples are plotted vs 
reduced temperature, T(H)/TC(O), in Fig. 25. Table I also 
summarizes the transition temperatures and the coiresponding 
magnetic fields. 
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Table I. Summary of the Characteristics and Data for 
Each Sample 
Sample x Mass(g) H(gauss) Tc(K) C(mJ/mole-K) 
Rb21F 0.27 12.3 2 1.8 1.6 
100 <1 
RbZlG 0.27 7.36 2 1.7 2.4 
20 1.5 3.0 
28 1.4 2.9 
50 1.1 
100 <1 
Rb22A 0.29 9.12 2 1.8 2.4 
16 1.7 2.5 
29 1.5 2.7 
50 1.3 2.4 
100 <1 
Rbl2G 0.31 4.65 2 1.8 1.9 
100 <1 
Rbl2F 0.33 9.30 2 1.8 2.5 
44 1.3 2.0 
100 <1 
RbX7 0.32 10.6 2 2.7 
5,000 <1 
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Fig. 22. Critical field study on sample Rb22A. 
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Fig. 25, A plot of critical field vs reduced 
temperature for samples Rb21G, Rbl2F and 
Rb22A. 
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CHAPTER IV. DISCUSSION 
Powdered Rb^ WO^  
Because of the linear behavior of C/T for the normal 
state of the powdered sample, Sommerfeld's theory (16) and 
Debye's theory (17) describe the heat capacity very well. 
The value for y of 2.35 mJ/mole-K reported here is in general 
agreement with the value of 2.16 mJ/mole-K^  obtained by King 
and Greene (44). In addition, both values are very similar 
to those obtained by Vest, et al., (15) for . Equation 
3b was used to calculate Y from free electron theory, and for 
x=0.32 and n=(0.32/0.33)2/357(10-^ )^cc-5.44(lo21)cc~^  a r 
of 0.79 mJ/mole-K^  was obtained. The volume of a unit cell 
of Rb^ WO^  is 357(10~^ )^cc. An effective electronic mass of 
2.98 was determined by taking the ratio of the observed 
specific heat to the value calculated from free electron 
22 theory. A density of electronic states of 1.7(10 ) energy 
levels/ev/cc was calculated from Equation 3a after solving 
for D(Ep) to get 
DlEp)= in2L_ 
TT^ kgxR. 
For RbyWO.. n= —where V is the volume of the unit cell 
 ^ 0.33V 
for Rb^ WO^ . 
A Debye temperature of 311 K was calculated from Equation 
5b with X equal to 0.32 and 0=0.28 mJ/mole-K^ . This Debye 
Ô4 
temperature is lower than the value of 450 K found by Vest, 
et al., (15) for NaxWO,^  and the value of 425 K found by King 
and Greene (44) for Rb^ WO^ . 
The difference is probably due to the dependence of the 
Debye temperature on x-value. The powdered samples were 
grown by solid state reaction, while those of King and Greene 
(44), and Vest, et al., (15) were grown by electrolysis. 
Fig. 15 shows that there is a definite difference in the 
behavior of the c-axis lattice constant between crystals 
grown by the two methods, and that the c-axis expands with 
increasing x-value for the powdered specimens. Thus the 
Debye temperature might be expected to increase with decreas­
ing x-value, inasmuch as the elastic constant should be some­
what smaller for the expanded lattice. This has been veri­
fied experimentally by Bevolo (45)» who found the Debye 
temperature of other powder specimens decreased with increas­
ing x-value such that when x was equal to 0.25 the Debye 
temperature was 405 K. 
The sharp deviation from Debye-like behavior for T>4 K 
cannot be caused by the difference between Debye's specific 
heat function, which is given in Equation 5a, and the low-
temperature approximation of Equation 5b, inasmuch as this 
difference is negligible for T<12 K. An excess heat capacity 
was determined by subtracting the value obtained from Equation 
16 from the measured value of the molar heat capacity. An 
Einstein mode has a heat capacity given by Equation 6, 
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2 
therefore a plot of ln(T C g^ cess^ ®^  ^will give a straight 
line with a slope of -Tg. It is clear that over the tempera-^  
ture range plotted, 4ëTgll, the graph of Fig. 26 is a straight 
line with a slope of -59 K. Thus it would appear that the 
increase in heat capacity above 4 K may be caused by a vibra­
tional mode with an Einstein temperature of 59 K. King and 
Greene (44), who first made this analysis on Rb^ j-WO^ , found a 
value of 57 K for a sample with an x-value of 0.32. 
Because the lattice has a high Debye temperature of 
390 K and therefore a very stiff lattice, it is likely that 
the Einstein mode arises from the vibration of the rubidium 
atom about its equilibrium position. From the one-dimensional 
harmonic oscillator equation (46). 
k=w^  iir=(kgTg/h)2 
where k is the force constant, wg is the frequency of the 
Einstein mode, and m is the mass of the rubidium ion. For 
— 2 2  
an Einstein temperature of 59 K and mass of 1.42(10" )g for 
the rubidium ion, a force constant of 8.5(10^ ) dyne/cm was 
calculated. 
The superconductive features as shown in Fig. 19 are 
very ambiguous. The transition temperature is not clearly 
defined and is spread over nearly IK. However, taking the 
initiation of the transition as 2.7 K, Equation 11 gave an 
energy gap at absolute zero of 1.3l(10~^ )^ erg. Although it 
is impossible to define a meaningful jump in the heat capac­
ity, it is clear that the jump would not be large enough to 
Ô6 
Temperature (K) 
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R b X 7  
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Fig. 26. A plot of IntTZCgxcess) l/T 
for RbX7« 
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obey the BCS equation AC/7Tç=l,43, The smearing of the 
transition temperature may be due to strain created in the 
sample when it was pressed into shape. 
Crystalline Rb^ V/O^  
These results establish that the crystalline Rb^ WO^  
samples are Type I superconductors. This conclusion is based 
on the following evidence: (1) the presence of a latent 
heat, (2) the singularity in the heat capacity associated 
with the lambda transition in Type II superconductors was 
not observed, (3) the low magnitude of the magnetic field 
required to suppress superconductivity. 
Perhaps the single most important difference between a 
Type I and a Type II superconductor in a magnetic field is 
that the superconducting transitions in Types I and II are 
first- and second-order transitions, respectively. This 
implies that no latent heat would be observed in a Type II 
superconductor. Figures 22, 23 and 24 show graphs of C/T 
vs T^  for Samples Rbl2F, Rb21G, and Rb22A, respectively, 
taken at different applied magnetic fields. The curves with 
H~1 gauss show the presence of a latent heat because of the 
sharp rise and fall of the heat capacity just below the 
superconducting transition temperature when compared to the 
size and shape of the jump in heat capacity at the transi­
tion temperature in zero magnetic field. The sharp peaked 
behavior in C/T just below the superconducting transition 
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temperature curves was a manifestation of the additional heat 
(latent heat) required to change the temperature. This is so 
because some of the heat added to the sample went into the 
latent heat and not toward changing the temperature of the 
sample; this caused a smaller temperature rise and therefore 
a larger heat capacity than should have been observed. Also 
both Equation 9 and 13 would indicate a decreasing jump in 
increasing magnetic field, assuming both Hg and obey 
relations of the form of Equation 7 and, inasmuch as the jump 
in heat capacity divided by the temperature is larger than 
the same jump in zero magnetic field, it appeared that all 
the energy added to the sample was not being used to change 
the temperature. This behavior could be explained by the 
presence of a latent heat. 
The second reason to believe that Rb^ WO^  is a Type I 
superconductor was the absence of any singularities which may 
occur in Type II superconductors in an applied magnetic field. 
Goodman (21) has shown that the specific heat of a Type II 
superconductor should become singular as the temperature is 
raised through the temperature T^ defined by Hci(T^ )=Happiigd; 
this is illustrated in Fig, 5, No anomalies of this type 
were observed in the heat capacity of samples Rbl2F, Rb22A 
and Rb21G with the magnetic fields applied here. The absence 
of these anomalies would suggest that the sample is a Type I 
superconductor. It is possible, however, that Hcl(T=0) is 
less than 16 gauss, the lowest magnetic field applied in 
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this study. In this case no singularity in C/T would have 
been observed. 
The last and final reason to believe that Rb^ WO^  is a 
Type I superconductor is the low value of the magnetic field 
that was required to suppress superconductivity. Magnetic 
fields of 100 ^ auss suppressed the superconducting transition 
below 1 K. The magnitude of Hcz, which is what would be 
observed in this measurement if the specimens were Type II 
superconductors, is typically several hundred to several 
kilogauss for Type II superconductors. Because the sample 
geometry could not be controlled, a unique demagnetization 
coefficient could not be identified for the samples, and 
therefore the critical fields reported here will be unique to 
each sample and not to Rb^ WO^ . 
The second most striking feature about these results is 
the independence of the superconducting transition tempera­
ture on x-value. All samples except Rb21G exhibited a super­
conducting transition at 1.8 K. The reason Rb21G has a lower 
transition temperature is not understood; although it was 
felt that the lower transition temperature may be unique to 
Sample Rb21G and not the x-value. The reason for this belief 
was the identical transition temperatures for all the other 
crystalline samples measured, including Rb21F, which also had 
an x-value of 0,27- The relatively slow variation of transi­
tion temperature with x-value has also been observed by 
Hubble, et al., (47) in hexagonal  ^ a compound very 
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similar to Rb^ WO^ . Hopfield (48) has shown that for material 
with a high density of d states at the Fermi energy, the 
electron-phonon coupling constant, and therefore the super­
conducting transition temperature, is very nearly independent 
of the density of electronic states. Although this theory 
cannot be applied directly to Rb^ WO-^ , it does emphasize the 
importance that short-range chemical bonding can have on the 
superconducting transition temperature. According to Equation 
11, a superconducting transition temperature of 1.8 K 
corresponds to an energy gap at absolute zero of 8.7 (10~^ )^ 
erg. 
The rapid increase in heat capacity above 4 K is probably 
due to an Einstein vibrational mode similar to that observed 
in the powdered sample. It is also apparent from Fig. 21 
that the contribution due to this mode is nearly independent 
of X-value, inasmuch as all the heat capacity results in the 
temperature range 5 to 14 K have nearly the same shape. 
Having nearly the same shape, the curves also have nearly the 
same vibrational frequency. This is plausible because 
changing the x-value from 0.33 to 0.2? (or equivalently 
removing one rubidium for every four present in a crystal with 
x=0.33) is not likely to have a large effect on the crystal 
field, and therefore the change in vibrational frequency of 
the remaining rubidium atoms would not be large. Quantita­
tive support for this hypothesis could not be obtained 
because the broad shoulder near 2 K prevented quantitative 
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analysis of the excess heat capacity above 4 K. 
The shoulder near 2 K made it impossible to determine 
the normal state parameters y and p . It has been suggested 
that this shoulder is caused by a Schottky anomaly of unknown 
origin. To determine the plausibility of this explanation, 
an estimate of the excess heat capacity due. to the shoulder 
was made by assuming a linear behavior in C/T vs T^  for the 
normal state. A Debye temperature of 311 K was assumed for 
Sample Rb21F (x=0.27), and a straight line was constructed so 
that it passed through the experimental curve near 4 K. An 
excess heat capacity was defined as the difference between 
the experimental curve and the constructed curve, and a total 
entropy change of 1.63 mJ/mole was found by integrating the 
area under the curve of excess heat capacity divided by the 
temperature vs temperature. For two energy levels with 
equal degeneracies, the total entropy is Rln2, (49) or 5.8 
J/mole-K. Comparison of this value with the experimental 
value of 1.63 mj/mole-K for a sample of 4Ô(10~^ ) mole implies 
a concentration of 14(10"^ ) mole, which is equivalent to 
approximately 300 sets of energy levels (or impurities) per 
million tungsten atoms. It is unlikely that this effect is 
caused by magnetic impurities, inasmuch as the magnitude and 
shape of the heat capacity curve were unaffected by magnetic 
fields as large as 5 kilogauss (45). 
It is possible that this shoulder could be caused by a 
soft phonon made in the hexagonal lattice. Such a mode would 
92 
have to be associated with an impurity in the samples, 
because any such mode associated with the rubidium ion or 
hexagonal lattice would contribute a much larger excess heat 
capacity than that observed. The shoulder does not appear 
in the powdered samples, and it is therefore quite likely 
that the presence of the shoulder may be due to an impurity 
introduced during sample growth. 
Concluding Remarks 
These measurements have established another difference, 
other than the behavior of the c-axis lattice constant, 
between samples grown by electrolysis (large crystals) 
and those grown by solid state reaction" (fine powder). Below 
4 K the normal state heat capacity of the powdered sample was 
well described by the theories of Sommerfeld and Debye, and 
an Einstein vibrational mode appeared to account for the 
rapid increase in heat capacity with temperature above 4 K. 
The single crystal samples also appeared to have an Einstein 
mode above 4 K, but an anomalous contribution to the heat 
capacity, centered near 2 K, precluded any quantitative 
determination of the Einstein temperature, the Debye tempera­
ture or the density of states for these samples. However, 
all the single crystal samples appear to be Type I super­
conductors with a transition temperature of 1,8 K, indepen­
dent of x-value. 
Suggestions for further study should certainly include 
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those which would establish the fundamental difference 
between the single crystal and the powdered samples. Careful 
studies of the electon density function in these two forms of 
Rb WOo would help to establish any fundamental structural X J 
differences. Studies should be performed on other hexagonal 
bronzes to clearly establish the role of the alkali atom in 
the Einstein vibrational mode. The relationship of the 
Einstein mode to the superconducting behavior of the bronzes 
should be further explored with a heat capacity measurement 
of a sample of superconducting tetragonal bronze (Tç,=0.51K). 
It may also be possible to extend these measurements over a 
larger x-value range if the tungsten fluoroxide bronzes were 
substituted for the tungsten bronzes. The tungsten fluoroxide 
bronzes, as prepared by Hubble (47), are compounds of the 
general formula and have a hexagonal structure for 
0.08gxg0.30. 
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APPENDIX À 
This section contains an example of the calculation 
which was made for each data point to determine the molar 
heat capacity. 
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Sample Calculation 
The following data point was taken on sample Rbl2F 
(x=0.33, mass = 9.3119g). The data recorded on the strip 
chart were the 
thermometer current = 1.00152/uA 
initial emf across the thermometer = 450.469mV 
final emf across the thermometer = 423.827^ V 
emf across the standard resistor in the heater circuit= 
0,20032V, and the time of the heater pulse = 9-9831 sec. 
The initial and final thermometer resistances were 
calculated to be: 
initial thermometer resistance = 430»469MV=449.765S2 
1.00152%! 
final thermometer resistance = 423.627wV=A.21.1 A&m 
1.00152^  
The initial and final temperatures were calculated from 
an expression of the form, 
T =exp(AQ+ A-j^ lnIl+A2(lnR)^ + , . .) 
where R is the thermometer resistance, and the were obtained 
from the thermometer calibration curve. This calculation 
yielded an initial temperature, Tj^ =4.39524 K, and a final 
temperature, T^ =4.55753K,so that AT=T^ -1\ =0.16229 K, and 
Tavg.=4.47639K. 
The heat added to the sample was given by Q=(^ )^ Rj|At, 
Kg 
where Rg is the standard resistor in the heater circuit, 
the emf across the standard, R^  was the heater resistor, and 
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At is the time of the pulse. Therefore, 
Q= Q.20032V"|^ (12980) ( 9.9831 sec) 
lôoôn J 
= 0.000520 J 
So the total heat capacity, C^,is 
0?= 0. = 0.520 mJ = 3.21 mJ/K 
ar 0.16229 K 
The addenda heat capacity,- calculated from the polynomial 
expression valid for this temperature, was 
0^=1.3211 mj/K 
So the sample heat capacity, Cg, is, 
C3=CT-C^ =(3.21-I.32)nij/K=1.89mj/K 
The number of moles in sample Rbl2F was determined as follows: 
Number of moles = Sample mass 
Atomic weight (A.W.}W+3 A.W.O.+xA.W.Rb 
= 2.1112 
133.85+3(16.007+.325135.47) 
= 0.03586 
therefore the molar heat capacity of sample Rbl2F is 
G=1.89mJ/K =52.7 mJ 
0.035Bo mole mole-K 
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APPENDIX B 
This section contains the results for the addenda, the 
copper sample, and all the Rb^WO^ samples. The results for 
the addenda are given in terms of the fit constants of the 
polynomial expression which represented the addenda heat 
capacity. The individual data points, and value calculated 
from the reference equation are listed for the copper sample 
The remainder of this section lists the individual data 
points and the magnetic field at which the data point was 
taken for each of the six Rb^WO^ samples. 
lOZ 
Fit Constants for the Addenda Heat Capacity, Add I 
emperatm'e Range 
T<2 
2<T<7 
T<7 
Fit Constants 
Ao=50.40901 
Al=25$.0981 
2^=558.7751 
^^ =691.4685 
64=526.6132 
5^=255.9692 
Afr 76.60452 
^7= 12.96351 
6^= 0.9500633 
3.I65OO7D-O2 
A)= 7.729047D-O3 
6.6655730-04 
*7=-3.364256D-05 
À9= 7.905966D-07 
All=-7.19l643D-09 
Ai = -4.1156950-02 
A3 = I.637155D-02 
5^ = -9.430425D-05 
A7 = 4.220469D-07 
A9 = -1.163267D-09 
All= I.362336D-I2 
Relative Hoot 
Mean bquare 
Deviation 
4.67 X 10-3 
2.66 X 10-3 
1.76 X 10-2 
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Fit Constants for the Addenda Heat Capacity, Add II 
Temperature Range 
T<2 
2<T<7 
T<7 
Fit Constants 
AQ=I.7597710 
l^=-6.467842 
A2-IO.02896 
A3=-8.211936 
A^ =3.750579 
A5=-0.9063551 
A6=0.090681a 
Ai=3.4753IOD-O2 
43=5.8055720-03 
A5=l.074707D-03 
A7=-6.9464470-05 
69=2.3987460-06 
All=-4.208301D-08 
1^3=2.9083130-10 
Al=-4.507370D-02 
A3=1.8437950-02 
A5=-9.4178180-05 
67=3.7985920-07 
69=7.0875260-10 
Relative Root 
Mean Square 
Oeviation 
3.30 X 10-3 
1.38 X 10-2 
1.32 X 10-3 
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Copper Specific Heat Results and Comparison to the Reference 
Equation of Osborne, et al. C is in 
millijoule/mole-K and T is in K 
T Measured 
0.9267 0.8695 
0.9782 0.8155 
1.0479 0.8302 
1.1103 0.8669 
1.1653 0.9074 
1.2392 0.9648 
1./944 1.0130 
1.Z891 1.0074 
1.3455 1.0611 
1.4014 1.1181 
1.4453 1.1623 
1.4607 1.1781 
1.4890 1.2058 
1.5306 1.2422 
1.5822 1.2936 
1.6310 1.3461 
1.6797 1.3990 
1.7302 1.4554 
1.7799 1.5125 
1.8283 1.5682 
1.8783 1.6274 
1.9260 1.6846 
1.9732 1.7441 
2.0451 1.8354 
2.1390 1.9582 
2.2314 2.0780 
2.3234 2.2127 
2.4160 2.3472 
2.5103 2.4996 
2.6002 2.6449 
2.6973 2.8104 
2.7858 2.9647 
2.8762 3.1317 
2.9772 3.3155 
3.0957 3.5521 
3.2481 3.8981 
3.4154 4.2858 
3.5720 4.6670 
3.7446 5.0867 
3.9017 5.5393 
4.0469 5.9682 
4.2088 6.4794 
4.3234 6.8489 
4.5187 7.5290 
C Reference Percent 
Equation Difference 
0.6812 27.6 
0.7237 12.7 
0.7823 6.12 
0.8360 3.69 
0.8843 2.60 
0.9509 1.46 
0.1001 1.11 
0.9969 1.04 
1.050 1.05 
1.103 1.28 
1.147 1.32 
1.162 1.34 
1.190 1.25 
1.233 0.724 
1.286 0.518 
1.338 0.546 
1.391 0.528 
1.447 0.535 
1.504 0.564 
1.560 0.519 
1.619 0.499 
1.677 0.449 
1.735 0.499 
1.826 0.472 
1.950 0.388 
2.077 0.012 
2.209 0.134 
2.348 0.044 
2.495 0.169 
2.641 0.125 
2.806 0.147 
2.962 0.069 
3.128 0.091 
3.322 -0.211 
3.560 —0.244 
3.885 0.321 
4.267 0.439 
4.648 0.390 
5.098 0.236 
5.536 0.059 
5.964 0.084 
6.471 0.120 
6.849 -0.008 
7.531 -0.027 
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Copper Specific Heat Results and Comparison to the Reference 
Equation of Osborne, et al. C is in millijoule/mole-K 
and T is in K-(Continued) 
G C Reference Percent 
T Measured Equation Difference 
4.7139 8.2673 8.262 0.042 
4.9328 9.1438 9.143 0.005 
5.1550 10.105 10.107 -0.026 
5.3619 11.158 11.168 
-0.091 
5.6107 12.317 12.318 -0.015 
5.8395 13.546 13.554 -0.063 
6.0857 14.993 14.983 0.062 
6.3598 16.718 16.701 0.099 
6.6427 18.597 18.621 -0.128 
6.9200 20.487 20.654 -0.808 
7.1962 22.812 22.835 -0.100 
7.5020 25.426 25.439 -0.054 
7.8324 28.500 28.489 0.037 
8.1595 31.681 31.761 -0.252 
8.4607 34.948 35.007 -0.169 
8.8117 39.012 39.149 -0.351 
9.2014 43.957 44.005 -0.110 
9.6291 49.785 49.906 -0.242 
10.085 56.817 56.807 0.016 
10.564 64.769 64.783 -0.022 
11.048 73.653 73.644 0.012 
11.446 81.540 81.572 -0.039 
11.865 90.674 90.580 0.103 
12.399 103.03 103.104 -0.072 
13.440 131.45 131.176 0.208 
14.016 148.30 148.979 -0.456 
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Heat capacity results for Rb21F (x=0.27) are given with C in 
mJ/mole-K and T in degrees Kelvin 
T C T C T C 
1.0010 3.2963 
1.0309 3.4111 
1.0933 3.7857 
1.1232 4.2823 
1.1912 4.8548 
1.2324 4.8120 
1.2561 5.1683 
1.2809 5.0083 
1.2848 5.2331 
1.3091 5.4666 
1.3105 5.4762 
1.3338 5.5974 
1.3350 5.5761 
1.3540 5.8038 
1.3755 5.9956 
1.3994 6.1711 
1.4217 6.4088 
1.4248 6.4255 
1.4342 6.4665 
1.4556 6.6529 
1.4725 6.7285 
1.4811 6.8624 
1.5298 7.3172 
1.5644 7.6181 
1.5937 7.8792 
1.6165 8.0615 
1.6392 8.1674 
1.6636 8.4266 
1.6884 8.6476 
1.7177 8.8962 
1.7471 9.1493 
1.7702 9.2303 
1.7758 9.2602 
1.7928 9.2191 
H=1 gauss 
1.8000 9.1496 
1.8178 9.0586 
1.8298 8.8900 
1.8422 8.7854 
1.8591 8.5977 
1.8658 8.6700 
1.9228 8.9265 
1.9302 9.0638 
1.9647 9.3385 
2.0201 9.7365 
2.0910 10.295 
2.1775 10.966 
2.2736 11.759 
2.3761 12.599 
2.4796 13.463 
2.5111 13.855 
2.5811 14.313 
2.6023 14.145 
2.6832 15.195 
2.7068 15.235 
2.8010 16.217 
2.8211 16.232 
2.9172 17.255 
2.9347 17.259 
3.0331 18.352 
3.0629 18.427 
3.1621 19.455 
3.2079 19.861 
3.3096 21.042 
3.3550 21.385 
3.4580 22.623 
3.5217 23.025 
3.6000 24.309 
3.7482 25.998 
3.8910 27.850 
4.0397 30.096 
4.2123 32.907 
4.2857 34.534 
4.4542 37.689 
4.6391 42.257 
4.8373 48.248 
5.0403 55.386 
5.2517 64.034 
5.4917 75.879 
5.7231 89.755 
5.9518 105.86 
6.1936 125.69 
6.4482 150.88 
6.7351 185.82 
7.2361 249.07 
7.5303 296.02 
7.8070 344.47 
8.0518 385.31 
8.3563 455.87 
8.6973 531.36 
9.0241 611.37 
9.3078 686.34 
9.6174 771.82 
9.9879 881.62 
10.423 1018.9 
10.861 1164.2 
11.226 1291.2 
11.609 1430.1 
12.065 1598.9 
12.537 1785.5 
13.042 1980.1 
13.831 2288.1 
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Heat capacity results for Rb21F (x==0.27) are given with C in 
mJ/mole-K and T in degrees Kelvin-(Continued) 
C 
H=100 gauss 
1.0075 3.4528 1.4700 5.7666 2.3717 12.543 
1.0408 3.7873 1.5176 6.0536 2.4708 13.373 
1.0648 3.6765 1.5554 6.3180 2.5632 14.145 
1.0721 3.9084 1.5863 6.5151 2.6592 14.853 
1.0853 3.7226 1.6246 6.7763 2.7593 15.728 
1.1078 3.9125 1.6712 7.1094 2.8622 16.584 
1.1325 4.2265 1.7130 7.4253 2.9601 17.460 
1.1789 4.1045 1.7564 7.7218 3.0857 18.584 
1.1956 4.6931 1.8034 8.0723 3.2287 20.226 
1.2176 4.2554 1.8560 8.4771 3.3784 21.717 
1.2204 4.7529 1.8930 8.7685 3.5268 23.313 
1.2603 4.9584 1.9195 8.9720 3.6754 25.004 
1.2667 4.5325 1.9892 9.4883 3.8291 26.953 
1.3149 4.8138 2.0679 I0.I40 3.9894 29.252 
1.3588 5.1066 2.1718 10.930 4.1599 32.125 
1.4220 5.4187 2.2744 11.753 
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Heat capacity results for Rb21G (x=0.27) are given with C 
in mJ/mole-K and T in degrees Kelvin 
H=1 gauss 
1.0426 3.9350 2.3962 13.431 5.2068 62.265 
1.0625 4.0700 2.4995 14-393 5-4497 73.499 
1.1505 4.7250 2.5857 15.130 5.6844 87.063 
1.2355 5.4100 2.6720 15.900 5.9384 104.90 
1.2649 5.7274 2.7654 16.761 6.1871 125.38 
1.3188 6.1802 2.8631 17.543 6.4527 151.13 
1.3228 6.1258 2.9656 18.541 6.7520 179.77 
1.3337 6.2323 3.0817 19.645 7.0334 220.70 
1.3950 6.8983 3.2223 20.983 7.2679 251.28 
1.4709 7.7046 3.3610 22.390 7.5645 302.24 
1.5498 8.4425 3.4819 23.654 7.8946 361.89 
1.6312 8.9646 3.6192 25.133 8.2140 426.10 
1.6642 9.0890 3.7734 26.974 8.5639 502.97 
1.7006 8.7527 3.9227 28.895 8.9360 592.36 
1.7408 8.1382 4.0932 31.470 9.3437 703.27 
1.7864 8.3658 4.2853 34.771 10.304 957.80 
1.8240 8.7013 4.4730 38.634 10.804 1118.9 
1.8974 9.1852 4.5326 40.238 11.595 1409.I 
1.9370 9.4909 4.6329 42.470 11.986 1574.8 
2.0573 10.549 4.7351 45.686 12.428 1747.6 
2.1696 11.538 4.7978 47.286 12.899 1931.7 
2.2838 12.519 4.9614 52.609 
H=20 gauss 
1.0419 3.9745 1.4316 8.2520 1.7500 8.0791 
1.0988 4.2562 1.4770 8.5342 1.8035 8.5042 
1.1510 4.6194 1.5332 6.7066 1.8554 8.9052 
1.2081 5.0773 1.5907 6.8575 1.9056 9.3199 
1.2727 5.6906 1.6435 7.2433 1.9729 9.8790 
1.3756 6.9944 1.6950 7.6403 2.0606 10.611 
H=28 gauss 
1.0024 3.9877 1.2301 5.5730 1.4006 7.5608 
1.0573 4.1993 1.2650 6.0248 1.4521 6.0380 
1.1071 4.5449 1.3008 6.7008 1.5024 6.2536 
1.1704 4.9733 1.3510 7.7131 
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Heat capacity results for Rb21G {x=0.27) are given with C 
in mJ/mole-K and T in degrees Kelvin -(Continued) 
T C T C T C 
H=100 gauss 
1.0056 3.5800 1.3990 5.5059 1.9128 9.3331 
1.0510 3.7180 1.4542 5.8882 1.9731 9.8582 
1.0866 3.7810 1.5097 6.1542 2.0624 10.599 
1.1242 3.9500 1.5674 6.6858 2.1682 11.532 
1.1926 4.2400 1.6852 7.5823 2.2648 12.374 
1.2362 4.4800 1.7454 8.0560 2.3583 13.133 
1.3012 4.9121 1.8043 8.5583 2.4506 13.934 
1.3349 5.0407 1.8604 8.9248 
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Heat capacity results for Rb22A {x==0.29) are given with C 
in mj/mole-K and T in degrees Kelvin. 
H=0,6 gauss 
1.0640 4.6820 1.8489 11.134 5.0838 65.762 
1.0980 5.1186 1.8723 10.991 5.3282 76.822 
1.1320 5.4040 1.8954 11.052 5.5734 90.418 
1.1581 5.5974 1.9198 11.310 5.8542 109.23 
1.1833 5.8907 1.9556 11.614 6.1260 131.14 
1.2102 6.1191 2.0141 12.142 6.3695 154.97 
1.2462 6.5000 2.0988 12.944 6.6372 186.66 
1.2793 6.8134 2.1906 13.793 6.8825 222.52 
1.3074 7.0954 2.2894 14.744 7.1450 249.88 
1.3640 7.6968 2.3939 15.776 7.4438 296.06 
1.3848 7.8939 2.4925 16.772 7.7229 344.54 
1.4089 8.1857 2.5809 17.644 8.0267 401.96 
1.4577 8.7219 2.6823 18.780 8.2553 .'(49.27 
1.4825 9.0082 2.7939 19.859 8.5267 ;10.04 
1.5083 9.3073 2.9062 21.040 8.8509 587.89 
1.5329 9.5140 3.1827 24.211 9.1806 673.06 
1.5594 9.8188 3.3192 25.817 9.5641 778.84 
1.5850 10.048 3.4502 27.475 10.003 910.12 
1.6078 10.294 3.5924 29.307 10.487 1074.4 
1.6313 10.493 3.7406 31.388 10.950 1222.7 
1.6556 10.724 3.9073 33.911 11.395 1368.8 
1.6812 10.913 4.0680 36.769 11.808 1538.7 
1.7076 11.078 4.2356 39.918 12.244 1703.8 
1.7368 11.276 4.2972 41.125 12.806 1929.1 
1.7641 11.349 4.4834 45.589 13.403 2174.4 
1.7958 11.354 4.6863 51.212 14.027 2408.7 
1.8234 11.280 4.8697 57.200 14.850 2774.6 
H=16 gauss 
1.0232 4.5290 1.2264 6.0482 1.3916 7.7638 
1.0547 4.7252 1.2576 6.4731 1.4160 8.0694 
1.0838 4.8456 1.2881 6.7567 1.4389 8.4500 
1.1079 5.0142 1.3130 6.9482 1.4646 8.8262 
1.1317 5.2298 1.3397 7.1170 1.4975 4.2250 
1.1978 5.7605 1.3635 7.4323 1.5505 9.9411 
1.6010 10.717 1.7728 9.8559 1.9200 11.198 
1.6514 11.188 1.7981 10.150 1.9641 11.622 
1.6835 10.751 1.8221 10.279 2.0051 11.991 
1.7110 9.8902 1.8446 10.553 2.0486 12.444 
1.7421 9.6638 1.8793 10.883 
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Heat capacity results for Rb22A (x=0.29) are given with C 
in mJ/mole-K and T in degrees Kelvin -(Continued) 
T C T C T C 
1.0262 4.5913 
1.0586 4.9235 
1.0793 5.08)2 
1.1005 5.2211 
1.1232 5.3459 
1.1641 5.6514 
1.2135 6.5553 
1.2500 6.3260 
1.2319 7.1384 
1.3093 7.7274 
1.3397 3.2794 
1.0275 5.4392 
1.0605 5.6561 
1.0933 6.3612 
1.1354 6.9412 
1.2141 7.6773 
1.2353 7.7415 
1.2612 7.4931 
1.2877 6.9726 
1.3153 6.6516 
1.3443 6.1254 
1.3970 6.7337 
1.4237 6.3412 
1.0424 4.5033 
1.0317 4.7919 
1.1119 4.3259 
1.1322 4.3732 
1.1557 5.0394 
1.1301 5.3230 
1.2130 5.6240 
1.2561 5.6011 
1.2775 5.3374 
1.3039 6.0147 
1.3173 6.1746 
1.3230 6.2015 
H=29 gauss 
1.3766 3.3916 
1.3973 9.1503 
1.4243 9.5434 
1.4533 9.3664 
1.4343 9.3013 
1.5427 3.3229 
1.5635 3.1549 
1.5996 3.4133 
1.6233 3.6640 
1.6649 3.9174 
1.6940 9.1351 
H=50 gauss 
1.4591 7.4536 
1.4346 7.1713 
1.5079 7.3173 
1.5319 7.3379 
1.5600 3.4530 
1.5864 3.4504 
1.6703 3.9324 
1.6961 9.4913 
1.7210 9.4520 
1.7433 9.6143 
1.7709 9.3332 
1.7933 9.9693 
H=100 gauss 
1.7552 9.8022 
1.3031 10.186 
1.3135 10.324 
1.3515 10.590 
1.8953 11.066 
1.9170 11.293 
1.9434 11.623 
2.0116 12.136 
2.0921 12.923 
2.1760 13.667 
2.2716 14.609 
2.3725 15.553 
1.7195 9.4103 
1.7442 9.6793 
1.7682 9.3593 
1.7333 10.050 
1.3239 10.365 
1.3742 11.021 
1.9139 11.299 
1.9616 11.626 
2.0077 12.155 
2.0692 12.617 
1.3235 10.337 
1.3614 10.542 
1.3333 10.710 
1.9113 11.033 
1.9357 11.446 
2.0160 12.053 
2.0459 12.291 
2.0313 12.670 
2.1296 13.179 
2.2220 14.034 
2.3169 14.945 
2.4051 15.807 
4.4307 45.633 
4.6737 51.011 
4.3922 53.051 
5.1332 67,621 
5.3836 79.320 
5.6579 95.552 
5.9222 114.22 
6.1592 134.03 
6.4094 159.37 
6.6343 186.15 
6.8452 216.25 
7.1015 234.66 
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Heat capacity results for Rb22A (x=0.29) are given with C 
in mJ/mole-K and T in degrees Kelvin-(Continued) 
T, C T C T G 
H= =100 gauss 
1.3587 6.4521 2.4653 16.453 7.3933 288.15 
1.4075 6.8082 2.5614 17.419 7.7160 343.38 
1.4097 6.7828 2.6579 18.376 8.0004 397.23 
1.4330 6.9549 2.7595 19.482 8.2354 445.65 
1.4560 7.1938 2.8622 20.476 8.4941 502.79 
1.4568 7.2024 2.9667 21.634 8.8110 577.54 
1.4777 7.4720 3.0927 22.966 9.2171 689.06 
1.5209 7.7580 3.2375 24.686 9.6637 806.90 
1.5548 8.0292 3.3894 26.504 10.172 963.07 
1.5875 8.3417 3.5451 28.518 10.675 1126.9 
1.6074 8.4537 3.7144 30.822 11.115 1281.3 
1.6507 8.8821 3.8658 33.101 11.590 1455.7 
1.6536 8.9199 4.0145 35.583 12.070 1633.4 
1.6992 9.2667 4.1999 39.081 12.544 1819.9 
1.7257 9.5286 4.3042 41.415 
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Heat capacity results for Rbl2G (x=0.31) are given with C 
in mJ/raole-K and T in degrees Kelvin 
T 
1.0256 
1.0575 
1.0989 
1.1326 
1.1631 
1.2008 
1.2331 
1.2640 
1.2678 
1.2824 
1.2959 
1.3284 
1.3561 
1.3578 
1.3875 
1.4182 
1.4291 
1.4486 
1.4762 
1.5024 
1.5291 
1.5318 
1.5581 
1.5855 
1.6007 
1.6098 
1.6329 
1.6552 
1.6571 
1.6828 
1.6934 
1.7101 
1.7368 
1.0039 
1.0403 
1.0585 
1.0782 
1.1130 
5.6064 
5.8112 
6.1502 
6.4134 
6.7999 
7.1032 
7.4877 
7.6749 
7.8525 
7.9674 
8.0260 
8.4056 
8.8323 
8.7574 
9.1375 
9.5352 
9.6481 
9.8874 
10.246 
10.629 
10.993 
10.931 
11.347 
11.736 
11.945 
12.047 
12.387 
12.715 
12.707 
13.074 
13.110 
13.439 
13.673 
5.3345 
5.6382 
5.6598 
5.6376 
6.0390 
1.7342 
1.7639 
1.7721 
1.7984 
1.8185 
1.8246 
1.8422 
1.8541 
1.8679 
1.8867 
1.8942 
1.921/ 
1.9263 
1.9668 
2.0425 
2.0819 
2.1203 
2.1667 
2.1861 
2.2147 
2.2871 
2.2911 
2.3818 
2.3854 
2.4705 
2.5550 
2.6486 
2.7447 
2.8354 
2.9334 
3.0532 
3.1817 
3.3083 
H=100 
1.1475 
1.2029 
1.2180 
1.2590 
1.2812 
1 gauss 
13.816 
14.023 
14.104 
14.023 
13.960 
13.817 
13.760 
13.615 
13.714 
13.856 
13.967 
14.282 
14.276 
14.819 
15.705 
16.155 
16.648 
17.215 
17.463 
17.693 
18.712 
18.720 
19.837 
19.886 
20.929 
21.965 
23.105 
24.284 
25.293 
26.604 
28.135 
29.822 
31.403 
gauss 
6.1289 
6.9742 
6.6093 
7.1035 
7.2391 
3.4547 
3.5941 
3.8749 
4.0323 
4.1289 
4.3356 
4.5381 
4.7401 
4.9671 
5.2091 
5.4489 
5.6818 
5.9168 
6.1800 
6.4464 
6.7554 
7.0781 
7.3883 
7.7162 
8.0082 
8.3337 
8.6691 
9.0192 
9.4380 
9.8644 
10.305 
10.746 
11.198 
11.676 
12.089 
12.572 
13.132 
13.776 
1.3137 
1.3328 
1.3464 
1.3845 
1.4215 
33.275 
35.186 
39.300 
41.972 
43.173 
47.289 
52.104 
57.390 
64.961 
74.171 
85.350 
98.275 
115.45 
135.02 
159.71 
191.91 
235.11 
280.68 
335.72 
390.18 
457.23 
534.11 
622.00 
735.88 
861.34 
1003.8 
1150.5 
1313.1 
1493.7 
1654.8 
1849.4 
2092.6 
2335.6 
7.5901 
7.9328 
8.0179 
8.3192 
8.5946 
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Heat capacity results for Rbl2G (x=0.31) are given with C 
in mJ/mole-K and T in degrees Kelvin -(Continued) 
TO T C T C 
1.4273 .^7742 1.7059 UTT^ S" 2.02§§ ' 15.550 
1.4694 9.2153 1.7524 12.203 2.0330 15.446 
1.4794 9.2200 1.7603 12.376 2.1093 16.521 
1.5166 9.7164 1.7989 12.726 2.1256 16.557 
1.5334 9.8351 I.814I 12.992 2.1894 17.501 
1.5618 10.238 1.8484 13.279 2.2117 17.592 
1.5934 10.477 1.8643 13.565 2.2734 18.519 
1.6094 10.754 1.9054 13.934 2.3007 18.642 
1.6482 11.081 1.9197 14.242 2.3595 19.576 
1.6600 11.312 1.9586 14.561 2.3882 19.715 
1.7041 11.699 1.9674 14.809 2.4514 20.688 
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Heat capacity results for Rbl2F (x=0.33) are given with G 
in mJ/mole-K and Ï in degrees Kelvin 
T 0 
H=0 gauss 
1.0247 4.4718 1.6683 13.019 3.3858 33.062 
1.0672 4.8827 1.7110 13.331 3.5320 35.423 
1.0910 5.0995 1.7130 13.387 3.6736 37.514 
1.1133 5.3413 1.7355 13.652 3.8063 39.521 
1.1589 5.7863 1.7568 13.925 3.9520 42.077 
1.1856 5.9115 1.7799 14.107 4.1246 45.163 
1.2172 6.4422 1.8327 13.528 4.3184 49.157 
1.2545 6.8722 1.8604 13.344 4.3722 50.209 
1.2811 7.1192 1.8894 13.371 4.6048 55.941 
2.0021 14.778 4.8157 62.665 
1.3578 8.0984 2.1004 16.041 4.9971 68.255 
1.4056 8.7789 2.1960 17.298 5.2000 77.417 
1.4512 9.4558 2.2776 18.405 5.4495 89.383 
1'4?59 10.123 2.3580 19.469 5.6258 99.205 
1.5460 10.880 2.4549 20.746 5.7867 110.14 
1.5978 11.669 2.5525 22.121 6.0754 132.09 
I.6I72 11.960 2.6509 23.440 6.3022 152.76 
1.6304 12.284 2.7487 24.750 6.4274 165.34 
1.6489 12.275 2.8544 26.051 6.6246 I89.30 
1.6547 12.498 2.9606 27.503 6.8404 218.62 
1.6636 12.689 3.0901 29.288 7.0446 238.82 
1.6838 13.002 3.2412 31.360 7.3036 277.59 
H=40 gauss 
1.6430 10.266 2.4711 21.022 
1.0240 5.0542 1.6955 10.802 2.5564 22.151 
1.0721 5.4689 1.7426 11.428 2.6466 23.361 
1.1142 6.0839 1.7777 11.849 2.7501 24.787 
1.1729 7.0095 1.8222 12.441 2.8517 26.046 
1.2174 7.5196 1.8700 13.027 2.9493 27.380 
1.2634 7.9453 1.9230 13.691 3.0727 29.083 
1.3263 6.9895 2.0097 14.900 3.2219 31.108 
1.3938 7.3666 2.1173 16.318 3.3772 33.227 
1.4538 8.0250 2.1766 17.065 3.1%%^ 37.521 
1.5085 8.6124 2.1985 17.341 3.9848 42.557 
1.5571 9.1754 2.2875 18.566 4.1579 45.813 
1.6017 9.6772 2.3846 19.868 4.3012 48.534 
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Heat capacity results for Rbl2F (x=0.33) are given with C 
in mJ/mole-K and T in degrees Kelvin-(Continued) 
T C T C T G 
4.4764 52.493 7.0966 246.63 10.252 1006.6 
4.6391 57.149 7.3408 283.08 10.725 1170.1 
4.8208 62.868 7.5951 325.77 11.172 1333.9 
5.0472 70.406 7.8633 374.81 11.656 1517.7 
5.2931 81.432 8.1468 432.18 12.197 1731.0 
5.5445 94.654 8.4772 507.05 12.805 1984.5 
5.8063 111.58 8.7479 569.32 13.452 2260.6 
6.0571 130.32 8.9749 632.08 14.150 2521.8 
6.3285 155.34 9.2968 716.92 14.814 2841.6 
6.5770 184.55 9.7363 844.21 15.483 3151.7 
H=100 gauss 
1.0300 4.4270 2.0931 15.962 5.4418 88.654 
1.0813 4.7030 2.2679 18.294 5.6933 103.49 
1.1300 4.9962 2.3614 19.538 5.9379 120.60 
1.1930 5.5007 2.4552 20.847 6.2023 142.79 
1.2598 6.0909 2.5565 22.168 6.5066 174.78 
1.3187 6.5916 2.6560 23.465 6.7886 211.42 
1.3642 7.0693 2.7547 24.804 7.0635 241.69 
1.3993 7.4311 2.8571 26.127 7.3480 284.15 
1.4444 7.9046 2.9589 27.484 7.6416 333.93 
1.4900 8.4152 3.0807 29.154 7.8501 372.01 
1.5332 8.8720 3.2356 31.212 8.0453 411.08 
1.5862 9.4670 3.3876 33.337 8.3433 478.19 
1.6215 9.8786 3.4627 34.111 8.7473 570.22 
1.6429 10.170 3.5213 35.267 9.1819 683.83 
1.6672 10.482 3.5370 35.474 9.6671 822.04 
1.6904 10.792 3.5922 35.941 10.163 979.02 
1.7211 11.200 3.6858 38.025 10.636 1138.4 
1.7541 11.550 3.7360 38.183 11.068 1292.8 
1.7816 11.924 3.8952 40.436 11.477 1447.2 
1.8060 12.255 4.0530 44.044 11.804 1575.9 
1.8450 12.715 4.2385 47.188 12.105 1692.9 
1.8947 13.378 4.4369 51.692 12.542 1873.5 
1.9315 13.908 4.6230 56.597 13.014 2066.6 
1.9802 14.494 4.8131 61.495 13.642 2342.5 
2.0245 15.071 5.0168 69.493 14.993 2929.7 
5.2334 78.605 
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Heat capacity results for RbX7 (x=0,32) are given with C 
in mJ/mole-K and T in degrees Kelvin 
T C T C T C 
H=0 gauss 
2.5789 11.183 5.2802 61.645 
2.3604 
2.6633 11.619 5.3058 62.644 
1.0163 2.7543 12.391 5.5200 71.936 
1.0864 2.4969 2.8500 13.215 5.5250 71.938 
1.1529 2.7133 2.9407 14.005 5.6852 79.791 
1.2203 3.1076 3.0283 14.875 5.7334 82.380 
1.2930 3.5184 3.1364 16.111 5.8571 88.879 
1.3679 3.8112 3.2880 17.752 5.9693 96.001 
1.4119 4.1477 3.4598 19.786 6.0565 100.09 
1.4548 4.3759 3.6056 21.565 6.2633 115.63 
1.4992 4.6299 3.7192 23.135 6.2685 113.33 
1.5598 4.9659 3.3695 25.428 6.5050 127.25 
1.6286 5.4646 4.0607 28.346 6.5557 138.55 
1.6849 5.7629 4.2835 31.930 6.8805 .166.83 
1.7432 6.1217 4.2866 32.823 7.2166 203.53 
1.7974 6.4432 4.3093 23.337 7.5427 243.71 
1.8400 6.7148 4.4526 37.374 7.8566 286.84 
1.8858 7.0557 4.4982 37.435 8.2105 340.81 
1.9319 7.2743 4.5074 37.707 8.5724 403.36 
1.9695 7.6736 4.6357 41.166 8.9002 466.19 
2.0415 8.0719 4.7101 42.938 9.2266 532.58 
2.1484 8.7903 4.7148 42.612 9.6062 619.71 
2.2497 9.4049 4.8203 46.334 10.050 727.97 
2.3364 9.9058 4.9320 49.510 10.512 870.96 
2.4200 10.354 5.0456 52.878 10.965 945.91 
2.5048 10.784 5.1287 56.182 
H=5000 gauss 
1.3331 3.9222 2.5671 10.879 3.2232 17.607 
1.4350 4.4673 2.6777 11.481 3.3733 19.528 
1.5185 4.6971 2.7794 12.833 3.7020 23.395 
1.9917 7.0441 2.8565 13.452 3.8692 26.766 
2.0681 7.4614 2.9595 14.241 4.0234 29.958 
2.1682 8.2221 3.0863 16.446 4.1768 32.576 
2.2645 8.8434 
